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ABSTRACT 
The Pimpama estuarine plain in subtropical southeast Queensland is comprised of 
Quaternary sediments infilling older bedrock.  These multilayered unconsolidated 
sediments have various depositional origins, and are highly heterogeneous. 
The plain is low-lying and the surface drainage is controlled by flood mitigation 
measures including tidal gates and channelised streams.  The control of surface 
drainage potentially affects the shallow water table.  This modification of hydrology 
has implications for future viability of agriculture and also the environmental health 
of waterways.  Increased landscape modification and water management is likely in 
the coming years. 
The combination of sediment heterogeneity, low hydraulic gradients, and artificial 
drainage modification result in the plain being hydrogeologically complex.  In order 
to understand hydrologic processes in this setting, a multi-disciplinary research 
programme was conducted which included a drilling program, overland 
electromagnetic induction and other geophysical surveys (downhole gamma log, 
electromagnetic induction and magnetic susceptibility) to initially establish the 
geologic framework.  These surveys were followed by hydrogeochemical testing 
which includes for major and minor ions and also stable isotopes, and mineralogical 
analysis of drillhole material. 
Underlying basement rock occurs at up to 60 m depth.  Unconsolidated gravel and 
sand deposits occur within incised paleo-valleys and are overlain by predominantly 
low-permeability fluvial sandy clays and estuarine and lagoonal muds.  Fine-grained 
delta sands occur in the top 15 m of the sub-surface. 
Within the unconsolidated sediments, hydrodynamic trends clearly discriminated 
between upper unconfined and lower semi-confined aquifer systems.  A comparison 
of surface water and shallow groundwater levels indicate limited interaction of 
groundwater and surface water. 
Hydrogeochemical analysis effectively distinguished between groundwater bodies, 
and also distinguished saline groundwater from seawater.  Trends in major ion 
chemistry in the semi-confined system (particularly Na/Cl and Ca/Cl ratios) showed 
ion exchange accompanying saline intrusion.  However, due to factors such as 
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mineral dissolution, major ion chemistry does not clearly identify solute flux trends 
in the shallow aquifer system. 
Water stable isotope analysis (δ18O and δ2H) indicated the provenance of fresh and 
saline groundwater and also the relative importance of the principal hydrologic 
processes, i.e. evaporation and water uptake by plants.  Groundwater exhibited a 
wide range in salinity, from very fresh to hypersaline.  The formation of hypersaline 
groundwater was attributed largely to uptake of water by mangrove forests.  Since 
mangrove forests were more extensive at the time of the Holocene maximum sea 
level (approximately 6,000 years ago) than at present, some of this groundwater may 
represent relict salinity from this earlier time. 
The relationship of relict salinity to low permeability sediments, particularly at 
intermediate depths, and their depositional history was examined.  Vertical salinity 
gradients and hydrogeochemistry within these sediments varied according to position 
within the plain, suggesting deposition under various hydrological and sea level 
regimes. 
A preliminary investigation using analysis of stable sulfate isotopes (δ34S and 
δ18OSO4) was made.  This study shows substantial potential for the application of this 
technique for quantification of solute flux and sulfur chemical transformations within 
settings such as this coastal plain. 
To establish shallow groundwater flow processes, a MODFLOW-based numerical 
model was used to inversely estimate aquifer parameters under various recharge 
scenarios.  The model was designed to examine the relative importance of 
evapotranspiration and discharge to surface waters.  However, largely due to the 
complexity of the drainage network and non-uniform surface water flows, the 
quantification of surface water- groundwater interaction by consideration of 
hydrodynamics is problematic.  Therefore, the chemistry of groundwater and surface 
water was compared.  While the estimated contribution of rainfall to groundwater 
level fluctuations was significant (46%), high evapotranspiration rates reduced net 
recharge and it was concluded that baseflow to drains and creeks during dry periods 
was insignificant, and groundwater velocities in the shallow aquifer are low. 
The study illustrates the value of both hydrodynamic and hydrogeochemical analyses 
in estuarine settings where relict salinity and groundwater-aquifer interactions impact 
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significantly on water quality.  Saline groundwater is chemically distinct from 
theoretical mixtures of seawater and freshwater.  The study also demonstrates the 
value of particular chemical parameters, e.g. Na/Cl and SO4/Cl ratios and stable 
water isotopes, for identifying hydrologic processes in this setting. 
Key words: Pimpama River, southern Moreton Bay, estuarine plain, coastal 
hydrogeology, estuarine stratigraphy, sedimentary evolution, Holocene, mangroves, 
crop removal, hypersalinity, electromagnetic induction, sediment mineralogy, 
geophysical methods, groundwater monitoring, groundwater/ surface water relations, 
hydrogeochemistry, inverse groundwater modelling, isotopes, numerical modelling, 
paleohydrology, salt-water/fresh-water relations, unconsolidated sediments 
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INTRODUCTION 
Research problem investigated 
The research described in this thesis (Groundwater chemistry and hydrological 
processes within a Quaternary coastal plain: Pimpama, southeast Queensland) 
forms a component of a major program investigating the aquifer systems of the 
Pimpama coastal plain in southern Moreton Bay, southeast Queensland.  This 
program was jointly funded by the Natural Heritage Trust (NHT) and the Gold Coast 
City Council (GCCC).  Additional funding was provided by the Queensland 
University of Technology (QUT). 
The primary interest of the Gold Coast City Council, and other local government 
authorities, in coastal water systems is related to the impending increase in human 
population and activities within the geographical catchment, and the associated water 
management considerations.  For example, further drainage modification and aquifer 
recharge with wastewater are options that may be considered. 
The purpose of this study is to develop hydrogeologic knowledge of the Pimpama 
coastal plain that is also applicable to similar settings.  This research examines the 
relationships between groundwater composition, hydrogeochemical evolution and 
groundwater hydrology.  The study attempts to reconcile groundwater quality and 
aquifer properties with knowledge of the depositional history of a subtropical coastal 
aquifer system. 
Hydrogeochemical analysis is recognized as a valuable hydrogeologic tool for 
determining the hydrologic processes within the setting of a low-lying coastal plain 
formed of layered unconsolidated sediments.  This research project examines 
hydrogeochemical analysis as an important approach to determine hydrologic 
processes (e.g. precipitation, evaporation, transpiration, overland flow and 
groundwater-surface water interaction) within the setting of estuarine coastal plains.  
In developing a conceptual model of groundwater flow in a coastal plain, the 
hydrodynamics of both groundwater and surface water are also considered. 
Methods of quantification of hydrologic processes are assessed including numerical 
modelling of groundwater flow. 
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Study area 
The groundwater systems of the unconsolidated sedimentary aquifers of the 
Pimpama coastal plain, southeast Queensland, Australia (Figure 1), provide a 
suitable setting for such an investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Location map of the study area: the Pimpama coastal plain, southeast 
Queensland, Australia. 
The Pimpama coastal plain is situated between two large metropolitan areas; 35 km 
to the southeast of the city of Brisbane and 20 km to the north of the city of Gold 
Coast.  Currently, the main activity in the coastal plain is agriculture, with the 
majority of the land area allocated to sugar cane farming.  The plain is at the southern 
end of Moreton Bay, a large estuary between the mainland and large sand islands. 
The climate is subtropical with both the highest monthly rainfall in summer and 
autumn months.  Consequently, months of high rainfall coincide with highest 
monthly temperatures and evaporation rates. 
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The plain is low lying, much of which is not significantly elevated above mean sea 
level.  In the 1970s, drainage modification (including channelisation and construction 
of tidal gates) was carried within the plain in order to increase the extent of arable 
land. 
Scope of the study 
The hydrogeology of the Pimpama coastal plain has been assessed using several 
methods, including sedimentological logging, overland electromagnetic induction (or 
apparent electrical conductivity) survey, downhole geophysics (gamma, 
electromagnetic induction, magnetic susceptibility), mineralogical analysis, chemical 
analysis of both groundwater and pore water from core samples, hydraulic tests (slug 
tests and recovery tests) of boreholes, monitoring of piezometric levels and stream 
levels, and numerical groundwater flow modelling.  The hydrogeochemistry has been 
assessed principally by consideration of the abundances and ratios of chemical 
parameters within the various groundwater bodies, and how these related to 
hydrogeochemical processes and to the mineral suite within the aquifer material.  To 
achieve this, a hydrogeochemical database, AQUACHEM, was used for visual 
inspection of chemical plots, and a hydrogeochemical model, PHREEQC, was used 
to indicate mineral saturation indices.  The classification of groundwater bodies was 
initially based on aquifer types and was later refined based on hydrogeochemical 
trends. 
The hydrochemical analysis employed in this study encompasses a suite of physico-
chemical (including groundwater salinity), major ion, minor ion, and stable isotope 
analyses.  Radioisotope analysis, principally for the purpose of age dating of 
groundwater, was considered a priori not to be cost-effective and not to be widely 
applicable to this or other similar settings.  Due to the robust nature of water isotope 
analyses of groundwater samples in determining hydrologic processes in this 
estuarine setting, the variation in sulfur isotope concentrations of groundwater 
samples was also examined. 
The research attempts to combine results derived from all of the methods in 
interpretation of hydrologic processes, but there is an emphasis on the interpretation 
of hydrogeochemical methods. 
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Relationship to other research 
The project was conducted concurrently with two NHT-funded projects conducted 
by Queensland Department of Natural Resources and Mines (NRM) staff 
investigating acid and trace metal export to streams, and acid sulfate soil mapping.  
The current project incorporated selected results from both of these other projects.  
Importantly, many of the drillholes established for the acid sulfate mapping were 
converted to monitoring bores. 
The QUT research program also included three concurrent Honours projects 
undertaken by the School of Natural Resource Sciences, as well as this PhD research 
project.  The Honours projects involved an assessment of the hydrogeology of the 
Jacobs Well township and surrounding area (Wheeler 1999), interpretation of the 
bedrock morphology of the Pimpama coastal plain (Grimison 1999) by seismic 
refraction, and sedimentological and mineralogical analysis and interpretation of the 
unconsolidated sediments within the coastal plain (O’Donnell 1999).  The research 
aims are accomplished through a literature review, a series of research papers and 
associated work; each paper uses particular methods in order to improve the 
understanding of a subtropical coastal aquifer system. 
Structure of the thesis 
Chapter 1 (PAPER 1), entitled “Hydrological characteristics of groundwater in a 
subtropical coastal plain with large variations in salinity: Pimpama, Queensland, 
Australia”, provides a conceptual model of the hydrogeology of the Pimpama coastal 
plain.  The geologic and hydrologic frameworks of the unconsolidated sediments are 
outlined.  The geologic framework is based on information derived from both 
previous drilling and drilling associated with this study.  The hydrologic framework 
is based on a combination of hydrodynamics and hydrogeochemistry, including 
stable isotope analyses of groundwater and surface water.  Preliminary sulfur isotope 
analyses (δ34S) and preliminary interpretation are also presented.  Due to the 
identification of two separate flow systems within the unconsolidated sediments (a 
shallow flow system and a deeper flow system), two subsequent papers address the 
role of low-permeability sediments in hydrogeochemical evolution (Chapter 2) and 
in the interaction of a shallow groundwater flow system with surface water (Chapter 
3). 
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Chapter 2, PAPER 2 entitled “Evolution of coastal saline groundwater determined 
by hydrogeochemical and geophysical analysis, southeast Queensland, Australia”, 
examines more closely the relationship between groundwater chemistry, 
sedimentology, and mineralogy of unconsolidated sediments.  Downhole geophysical 
and mineralogical results, including downhole electromagnetic induction profiles 
within low-permeability sediments (lagoonal, estuarine, mangrove and central bay 
muds), are presented in order to examine the relationship between sedimentological 
units and salinity of pore water (water within low-permeability sediments).  The role 
of low-permeability sediments in groundwater migration is of particular interest in 
understanding hydrogeochemical evolution and salinity gradients within low 
permeability sediments provide empiric evidence of this.  Comparison of sulfur and 
chloride trends within vertical profiles is also employed to interpret the nature of 
relict salinity in various sediment types and subsequent solute movement and 
hydrogeochemical evolution. 
Chapter 3, PAPER 3 entitled “Groundwater chemistry of a shallow coastal aquifer 
and its relationship to surface water-groundwater interaction, Pimpama, southeast 
Queensland”, examines in more detail the hydrogeochemistry of the shallow 
unconfined aquifer, including interpretation of the overland electromagnetic 
induction survey, and the effects of land use on water quality.  A water balance for 
the plain over a 93-week period is estimated.  While gross recharge to the plain is 
estimated to be 46% of rainfall, net recharge to the plain is negligible due to 
significant water uptake by plants from the saturated zone.  Interaction of shallow 
groundwater with streams and surface water quality are considered.  Initially, results 
and limitations of a preliminary numerical groundwater flow model of the shallow 
unconfined aquifer are discussed. 
Chapter 4, entitled “Stable isotopes of sulfate (δ34SSO4 and δ18OSO4) in coastal 
groundwater: Pimpama, Queensland, Australia - preliminary investigation of the use 
of stable sulfate isotopes in determining sulfur reactions and solute processes”, 
presents a preliminary study of sulfur isotope analysis (δ34S and δ18OSO4) of 
groundwater samples that is not presented in other thesis chapters.  Sulfur isotope 
distributions of rainwater, surface waters and sulfur-bearing minerals within the plain 
are not analysed, however a value of δ34S for a theoretical end-member mineral is 
calculated.  In order to interpret trends in δ18OSO4 values, the effect of salinity on 
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δ18OH2O values was compensated for.  High ∆18OSO4-H2O values for saline shallow 
groundwater samples provide further evidence that they are chemically dissimilar to 
mixtures of seawater and freshwater.  This has significance for the understanding of 
the interaction of surface water with groundwater and monitoring of saline 
encroachment. 
A report on a preliminary groundwater flow model of the shallow aquifer (“The 
hydrogeology of the Pimpama coastal plain: Volume 1 – Summary and interpretation 
of results and preliminary numerical groundwater flow model”) was prepared for 
Gold Coast City Council and the Natural Heritage Trust and is included as an 
appendix (APPENDIX 1) to this thesis.  A conference paper, “The use of 
environmental isotopes and geochemistry to determine hydrologic processes in a 
subtropical coastal plain: Pimpama, Queensland, Australia”, presented at the 
Darwin 2002 International Association of Hydrogeologists Conference is included as 
a second appendix (APPENDIX 2) to this thesis. 
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LITERATURE REVIEW 
OVERVIEW 
This literature review of coastal groundwater investigations provides background 
reading to support the hydrogeological study of the estuarine Pimpama coastal plain 
in southeast Queensland. 
The Pimpama coastal plain is a small subtropical estuarine plain. The hydrogeology 
of such a setting involves some general aspects associated with larger regional 
coastal plains, but also must consider specific topics such as Holocene estuarine 
environments, the subtropical location, and the hydrologic significance of high 
variability in both groundwater salinity and permeability of sediments. 
While many references have been utilized in this review, the text Groundwater 
problems in coastal areas (Custodio, 1987) is a particularly important work in 
general aspects of coastal hydrogeology.  Also, the text Geochemistry, groundwater 
and pollution, (Appelo and Postma, 1994) provides simple examples of 
hydrogeochemical modelling and descriptions of hydrologic processes.  These and 
other more focused studies (e.g. Rushton and Tomlinson, 1979; Vermeulen et al., 
2001; Parkin et al., 2001) have been most useful in developing the following 
structure and ideas including: 
• the chemical composition and evolution of brines and evaporites, and its 
interpretation 
• influence of low permeability sediments over groundwater flow and salinity 
distribution 
• hydrogeological considerations in artificial aquifer recharge 
• the additional information provided by hydrogeochemistry to assist in 
interpretation of groundwater hydrodynamics.  It is noted that the determination of 
groundwater flow in coastal settings is further complicated by typically low 
hydraulic gradients, which are also subject to significant temporal variations 
• inherent limitations of field measurement and numerical modelling of surface 
water – groundwater interaction. 
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PHYSICAL SETTING OF ESTUARINE COASTAL PLAINS 
Coastal plains are defined as comprising “horizontal or gently sloping strata of 
clastic materials fronting the coast and generally represent a strip of sea bottom that 
has emerged from the sea in recent geological time” (Snead, 1982).  Three important 
features of the hydrogeology of unconsolidated coastal plains have been identified 
(Custodio, 1987): (1) a wide range of salinity distribution, (2) density control of 
groundwater flow, and (3) greater population density in coastal areas. 
Humans have affected coastlines mainly through exploitation of natural resources 
and trying to control coastal processes (Carter and Woodroffe, 1994).  As a result of 
the greater population density, the risk of contamination of groundwater resources is 
also increased.  Forms of contamination include increased nutrient levels, saline 
intrusion via groundwater extraction, and detrimental land uses. 
Likewise, the characteristic general physical features of coastal plain aquifers have 
been identified (Fetter, 2001): 
a) coastal plains are found on all continents 
b) coastal plains are bounded on the continental side by highlands and on the 
seaward side by a coastline; deeper aquifers may be recharged in inland areas. 
c) basement rock may be unstable (either sinking or uplifting) or stable. 
d) coastal plains may include large areas of former sea floor. 
e) landward deposits tend to be terrestrial, while seaward deposits tend to be of 
marine origin.  Typically, alternating and inter-fingering facies of different lithology 
are encountered. Marine-derived deposits are typically aligned parallel to the coast 
and terrestrial deposits are aligned normal to the coast (Hansen, 1971). However, 
while this applies to barrier deposits, back-barrier tidal channel and associated tidal 
delta sands are generally oriented perpendicular or oblique to the barrier complex in 
macrotidal settings (e.g. Cook and Mayo, 1977; Reinson, 1992). 
f) porewaters in marine-derived sediments deposited adjacent to or in shallow 
marine waters were originally saline, however, saline water can be flushed from 
coastal plains during interglacial periods (sea-level lowstands). 
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Sedimentary deposits on coastal plains are highly variable, and of approximately 
413,000 km of worldwide coastline, 30% is represented by alluvial plains and 14% 
by marine plains and eolian plains (Custodio, 1987). 
GEOLOGY OF ESTUARINE COASTAL PLAINS 
Depositional history 
Deposition patterns in coastal settings are largely controlled by local and global 
(eustatic) change in water depth (Plint et al., 1992).  Due to the dynamic nature of the 
sedimentary evolution of estuaries, sedimentation processes in coastal lagoons and 
deltas must also be considered in understanding the deposition of estuarine plains.  
There is a typical pattern of infilling of estuaries during the late Pleistocene and 
Holocene (e.g. Grindrod and Rhodes, 1984; Roy, 1984; Allen and Posamentier, 
1993; Amorosi et al., 2003) with subsequent formation of spits and barriers across 
estuary mouths.  The underlying reason for the existence of estuaries is the Holocene 
rise of sea level (Reinson, 1992), following which near-shore sediment accumulation 
increased as embayments were converted to estuaries via barrier formation.  Having 
formed, several factors affect barrier and inlet migration (Bird, 1994).  In regions 
where sediment accumulation exceeded 6 m per thousand years, deltas replaced 
estuaries (Rusnak, 1967).  Holocene delta formation was related to deceleration in 
the Holocene sea level rise (Stanley and Warne, 1994; Amorosi et al., 2003), as 
fluvial input overtook the declining rate of sea level rise.  Ephemeral estuarine 
sequences are a feature of deltaic deposits (Morgan, 1967), occupying abandoned 
distributary channels (Jennings and Bird, 1967). 
Based on oxygen isotope interpretation and other proxy data, sea levels worldwide 
underwent concurrent fluctuations during the Holocene.  During the early Holocene, 
sea levels rose from approximately -120 m to near present levels at maximum 
sustained rates of at least 1 m per 100 years (Fairbanks, 1989).  Between 10,000 and 
6,000 years BP, sea level rise has been reduced and since 6,000 years BP there have 
been regional and local differences resulting from isostatic readjustment to 
redistribution of ice and water. 
In the Australian region, sea level during the late Pleistocene and Holocene is well 
constrained (e.g. Chappell, 1983a; Chappell, 1983b).  A notable reversal in sea level 
rise is suggested at approximately 11,000 years BP.  A smoothly falling sea level in 
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north Queensland since 6,000 years BP is suggested by radiocarbon dating of coral 
atolls and also by the occurrence of prograding mangrove coasts (Flood, 1984).  In 
Europe, the highstand occurred at approximately 4,000 years BP (López-Buendía et 
al., 1999).  In contrast, sea level in the Caribbean has risen continually since the mid-
Holocene (Scholl et al., 1969).  In Brazil, sea level falls since a 5,000 years BP 
maximum has been variable, ranging up to 4 m (Suguio et al., 1980). 
One epoch of sea level rise, for instance the last postglacial period, can be expected 
to produce a tripartite sequence of deposition (e.g. Allen and Posamentier, 1993) in 
wave-dominated estuaries.  In this process, rising sea level is accompanied by 
progressive infilling with marine sands, fluvial sands and gravels, mixed terrestrial 
and marine muds.  Finally, low permeability flood deposits may overly parts of this 
tripartite sequence.  However, the original fluvial sequence may be modified by the 
initial stages of marine transgression (Reinson, 1992) and the valley fill will begin 
with brackish wetland to estuarine facies. 
Facies types are largely controlled by tidal conditions and rates of sedimentation (e.g. 
Grindrod and Rhodes, 1984).  Environmental isotope evidence also indicates that 
climatic and hydrologic regimes vary greatly between glacial and interglacial periods 
(Clark and Fritz, 1997).  However, the influence of global climate on fractionation of 
isotopes in groundwater is compounded by local effects such as vegetation type 
(Hartley, 1981). 
As a result of sediment depositional and hydrologic history, important considerations 
in hydrogeological studies of coastal plains and coastal alluvial formations 
(Custodio, 1987) include: 
• the continuity of semi-pervious covers 
• the presence of natural, recent or old salt or brackish water 
• the possibility of groundwater upwelling from deeper systems 
• current and planned land uses that affect hydrology 
• salt-freshwater relationships in open channels. 
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Geomorphology 
Some controversy exists as to which water bodies qualify as an estuary.  The word 
“estuary” is derived from the Latin “aestus” for tide and “aestuarium” for tidal 
channel, thereby indicating the importance of tidal processes in classification.  The 
definition of an estuary as a place of dilution of seawater (Pritchard, 1967) may not 
be suitable where seasonal hypersaline inflow is significant (Cook and Mayo, 1977) 
or in ancient estuarine sequences (Dalrymple et al., 1992).  Later definitions of an 
estuary are based on tidal extent (Fairbridge, 1980) and net sediment transport 
(Dalrymple et al., 1992) to better distinguish estuaries from deltas. 
However, Schubel and Pritchard (1990) contend that Pritchard’s 1967 definition of 
an estuary only relates to “positive” estuaries, i.e. those estuaries where seawater is 
measurably diluted.  Estuaries range from “positive” to “negative” in response to the 
relative influence of rainfall and evaporation (Pritchard, 1952; Rusnak, 1967).  
“Neutral” estuaries are predominantly of seawater salinity while “negative” estuaries 
are predominantly hypersaline.  The original emphasis on positive estuaries was 
intended to make the classification biologically rather than sedimentologically 
significant.  Aridity and spasmodic river discharge are important factors in the 
geomorphology and hydrology of Australian estuaries (Jennings and Bird, 1967).  
Coastal lagoons range from fresh to hypersaline depending on tidal inlet restriction 
and climate (Bird, 1994). 
Salinity distribution within estuaries varies between well-mixed and highly stratified 
depending on the importance of river flow and tides (Bowden, 1967; Jennings and 
Bird, 1967; Reinson, 1977; Cook and Mayo, 1980; Dyer, 1997).  Associated with 
stratification is the development of anoxic conditions in deeper waters.  Similar to 
the reducing conditions occurring in fjords and in the Black Sea, flood deltas can act 
as sills that facilitate salinity stratification in a central basin.  Surface sediments in 
anoxic basins are characterised by high organic matter (e.g. Jennings and Bird, 
1967), hydrogen sulfide odour, and a greenish-black to black colour. 
The sedimentary evolution of an estuary is affected by a number of factors.  Tides, 
waves and fluvial processes can be major controls over estuary evolution (Dalrymple 
et al., 1992).  The presence and abundance of biota, particularly mangroves, is also 
an important depositional control (Postma, 1967; Cook and Mayo, 1977), promoting 
the acceleration of sediment accumulation in tidal flats.  Variations in chemical 
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characteristics of pore water can also be related to the dominant mangrove species 
present (Carlson et al., 1983).  Salt secretion methods and therefore bioaccumulation 
effects vary between mangrove species (Clough et al., 1979).  Likewise, sea grass 
can act as a baffle between mud and sand facies (Reinson, 1977).  In Florida, 
mangroves are less important sedimentation controls than calcareous algae, sea 
grasses, oysters and other large organisms in intertidal zones (Kelletat, 1989).  
However, mangroves in Florida play an important role in protection from hurricanes. 
In macrotidal settings, estuary mouths are typically funnel-shaped (e.g. Cook and 
Mayo, 1977), for example, the Broad Sound estuary in central Queensland has a tidal 
range of approximately 10 m.  Tidal shoals in these cases are aligned normal to the 
coastline.  The central basin occurring in a wave-dominated estuary is replaced by 
broad intertidal sand flats. 
Roy (1984) classified wave-dominated estuaries in New South Wales by three 
geomorphic types: 1) drowned river valley estuaries, 2) barrier estuaries (estuarine 
lagoon) or 3) saline coastal lake.  Drowned valleys have sediment sequences up to 
60 m thick, while barrier estuaries occupy shallower valleys, typically less than 30 m 
deep.  Saline coastal lakes, with limited marine input, are less common. 
Coastal lagoons, with depths of only several metres, have restricted inlets and are 
usually shore parallel (Kjerfve, 1994). Most lagoons are gradually filled in and 
replaced by depositional coastal plains (Bird, 1994) and are generally more 
ephemeral than estuaries.  Being shallower, there is more efficient wind-mixing of 
salinity and greater resuspension of bed sediment (Nichols and Boon, 1994). 
In Moreton Bay, southeast Queensland, marine sand deposits principally occur as 
flood tidal deltas adjacent to sand barrier inlets (Stephens, 1982).  This estuary type 
is transitional between enclosed wave-dominated estuaries and reef-protected 
estuaries (Jennings and Bird, 1967).  In southern Moreton Bay, the Pimpama 
estuarine plain is relatively narrow, and is formed of variable Quaternary sediments 
deposited on old continental basement rocks (Lockhart et al., 1998). Within the 
restricted adjacent estuary, many low islands are mangrove-covered and there is a 
seaward progression of sediment type from bay head deltaic to marine flood deltaic. 
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Sediment types in coastal settings 
Due to the character of water movement in tidal areas, estuaries are essentially closed 
circulation systems for suspended matter (Postma, 1967).  These features tend to 
cause entrapment of particles.  The external sources of sediment to estuaries are 
fluvial (streams and rivers), marine, shores, barrier, anthropogenic, desert (eolian), 
volcanic, and glacial (Bartberger, 1976; Nichols and Boon, 1994).  The 
unconsolidated sediments found within estuarine plains are mainly of either fluvial or 
marine origin.  With the advent of improved instrumentation and interpretation 
techniques, grain size and sorting may be an under-utilised depositional indicator 
(Lario et al., 2002). 
Generally, estuarine sediments are more homogeneous than catchment soils; 
fluvially-derived sediments are finer grained than marine sediments but this trend 
varies regionally.  In estuaries, the marine contribution of sediment is likely to be 
less than in a tidal flat sea, but still significant.  Based on mineralogy (Wakeland, 
1978) and sediment flux deficit (Kim and Bokuniewicz, 1991), marine-derived 
sediment in Long Island Sound is at least 45% of the total supply, depending on the 
amount of fluvial input escaping to the ocean. 
“Estuarine circulation” (Postma, 1967) is related to density differences, mainly 
caused by salinity variations, and is only second to tidal influences in importance for 
sediment deposition.  This circulation occurs in the stratified part of the estuary, 
associated with the turbidity maximum.  Very low river discharges are detrimental to 
the formation of a turbidity maximum since estuarine circulation may virtually 
disappear. 
Sand 
Quartz (sands) and carbonate (shell material) are abundant at the seaward end of 
estuarine basins.  Fluvial sands can also be supplied to outer shoals and barriers via 
delta abandonment (Penland et al., 1988).  In southeast Queensland, whereas coastal 
sand has a unimodal grain size distribution (Lockhart, 2001) and has a mean 
diameter of 0.2 mm (Flood, 1980), fluvial sand transported as bedload has a 
multimodal grain size distribution and a mean diameter of 0.3 mm (Flood, 1980).  
This fluvial sand is primarily deposited in fluvial deltas.  Tidal delta sands have 
intermediate mean grain diameter of 0.3 mm (Lockhart, 2001).  Barrier dune sands 
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on North Stradbroke Island have a mean diameter of 0.2 mm (Laycock, 1975) with a 
unimodal grain size distribution. 
Generally, sand is trapped along beaches and this setting covers a smaller area than 
accumulation sites for finer-grained material; largely tidal flats and river mouths.  
Tidal lag effects are not important for material of diameter greater than 100 µm 
(Postma, 1967).  Within the Pimpama estuary, southern Moreton Bay, clean sands 
are restricted to intertidal shoals exposed to wave action or strong tidal currents and 
muddy sands predominate (Lockhart, 2001). 
Clay minerals 
Minor variations in land-derived clays occur upon contact with salt water. Typically, 
there is no significant variation in clay-mineral assemblage throughout estuaries.  
Illite, kaolinite, vermiculite and montmorillonite exhibit differential settling rates that 
are salinity-dependent (Postma, 1967; see Table 1).  Montmorillonite is least likely to 
flocculate due to its highly negative charge and stronger cation double layer. 
Primary minerals, mica and feldspar, are of fluvial origin and therefore are lowest 
where seawater dominates (Reinson, 1977). 
Table 1: Settling velocities (cm/min x 10-2) of clay minerals at varying chlorinity 
values for water (after Postma, 1967) 
Chlorinity (‰) Clay mineral 
0.5 1.0 2.0 6.0 10.0 18.0 
Illite 89.1 90.1 105 110 110 110 
Kaolin 80.1 80.5 81.1 81.2 81.2 81.2 
Montmorillonite 0.23 0.36 0.78 4.06 7.55 8.77 
 
In temperate coastal estuaries, e.g. northern America (Velde and Church, 1999), the 
Netherlands (Appelo and Postma, 1994) and southeastern Australia (Reinson, 1977), 
illite is the predominant clay mineral occurring in coastal plains.  The predominance 
of illite and chlorite on the Atlantic coast of the United States above latitude 38°N 
has a glacial origin and is referred to as the “northern mineralogy” (Hathaway, 1972). 
Iron minerals 
In the coastal environment, the occurrence and abundance of diagenetic iron minerals 
can be related to the depositional setting (Berner, 1971).  In anoxic sediments, pyrite 
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is the stable iron sulfide mineral (Berner, 1967).  Pyrite concentrations above that 
derived from interstitial marine water sulfate suggests that pyritisation in many 
bottom sediments occurs at the sediment-water interface.  Pyrite is protected against 
oxidation by its association with lignite and fine-grained sediments (Brown et al., 
1999). 
The occurrence of iron oxide concretions in association with pyrite in coastal 
sediments indicates the oxidation of pyrite (e.g. Logan et al., 1999).  The occurrence 
of marcasite indicates the oxidation of pyrite and re-precipitation under low pH 
(Brown et al., 1999). 
Evaporites 
In hypersaline supratidal areas, mineralisation is common.  Soil salinities in bare 
supratidal muds are as high as 88 parts per thousand (ppt) compared with seawater 
salinity (35 ppt) in mangrove communities at tropical Princess Charlotte Bay, North 
Queensland (Grindrod, 1985).  At Broad Sound, gypsum is abundant and both it and 
ephemeral halite occur as a surface crust (e.g. Cook and Mayo, 1980).  This halite is 
attributed to capillary rise of porewater rather than evaporation of ponded water.  
While calcite and aragonite may be of either biogenic or evaporitic origin, dolomite 
normally occurs via mineralisation of calcite.  In temperate alkaline lagoons in the 
Coorong region (Wright, 1999), primary dolomite forms in association with seasonal 
desiccation and sulfate reduction. 
In the Brisbane area coastal plain, pyrite occurs in reducing sulfidic conditions in 
deeper sediments (Arakel and Ridley, 1986).  In overlying oxidising conditions, 
soluble iron and sulfate cause precipitation of ferric oxyhydroxides and acid-sulfate 
minerals, dominated by jarosite.  The coexistence of reduced and oxidised minerals 
(e.g. pyrite, gypsum and jarosite) may indicate sea level variations (Arakel and 
Ridley, 1986), or alternately may be produced in microenvironments around plant 
roots (Lord and Church, 1983). 
Organic matter 
Significant organic matter production occurs in intertidal zones, a high proportion of 
which may then be either incorporated into sediments or exported.  Organic material 
is also imported to the estuarine environment as “marine snow”, i.e. large diameter 
organic particles (Chin et al., 1998).  These particles affect the sedimentation rate 
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and allow the incorporation of organic matter in sand facies.  Subsequently, this 
incorporation in sand leads to abrasion and resuspension in the water column. 
As a function of their high organic productivity, mangrove communities (“mangals”) 
play a significant role in in situ accumulation of organic matter as mangrove peats 
(Valiela et al., 1976; Ellison and Stoddard, 1991).  The organic matter content of 
sediments in mangrove-occupied estuaries is an indicator of depositional processes.  
At Missionary Bay, Queensland, organic content in mangrove sediments is reduced 
due to allochthonous sources of sediment (Grindrod and Rhodes, 1984).  Export of 
organic matter from mangals is controlled by tidal circulation (e.g. Boto and Bunt, 
1981). 
Salt marsh vegetation also supplies significant organic matter to sediments (Lord and 
Church, 1983).  Organic matter content in Delaware Bay has been shown to decrease 
uniformly from over 20% at the surface to less than 5% at 25 cm depth.  This 
decrease indicates net decomposition of organic matter in this salt marsh. 
Deposition patterns 
Due to the evolution of coastal deposition patterns, alluvial, coastal plain, lagoonal, 
wave-dominated estuary, tide-dominated estuary and marsh facies can be represented 
within coastal plain deposits (e.g. Amorosi et al., 2003). 
Generally, only the finest materials (with associated low permeability) deposit in the 
zone of least energy.  In the case of a wave-dominated estuary, this zone is a central 
basin (Dalrymple et al., 1992) which is also the zone of minimal deposition.  In a 
tide-dominated estuary, the total energy minimum is not as pronounced and fine 
materials accumulate primarily in tidal flats and marshes along the sides of the 
estuary.  Furthermore, tidal range and coastal gradient determine the shore-normal 
length of an estuary. 
The same tide and wave controls over sediment distribution occur in coastal lagoons 
(Nichols and Boon, 1994).  Channel sand fines landward to intertidal muds in 
lagoons if wave action decreases landward. 
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Indurated sand 
Induration of sand bodies can cause loss of permeability, particularly vertically, in 
otherwise permeable sand bodies.  Cements can consist of carbonates, humates, iron 
oxides and clays. 
On southern and western Australian coasts, sand is calcareous and tends to form 
calcarenite (or calcrete) (Jennings and Bird, 1967), whereas sand on eastern coasts is 
predominantly quartzose and sand bodies tend to remain unconsolidated. 
Humate “sand rock” in Queensland has been considered a fossil B horizon of former 
humus podzols  (Coaldrake, 1955; Coaldrake, 1961; Thompson, 1981; Pye, 1982; 
Farmer et al., 1983).  Peat deposits can be distinguished from them by the presence 
of wood and Banksia fruiting bodies.  The distribution of iron in sand rock can vary 
widely.  Humate “sand rock” is also associated with Pleistocene beach ridges along 
the coast of Brazil (Martin and Landim Dominguez, 1994). 
While sand rock may not be an effective indicator of former sea level (Coaldrake, 
1961), the extent of induration may be an effective proxy indicator of sand body age 
(Thompson, 1981).  However, the vertical thickening of sand rock may be related to 
rising sea level (Pye, 1982).  Areas of extant humic sand rock may be limited in areal 
extent due to erosion (e.g. Reinson, 1977), or be quite extensive (e.g. Reeve et al., 
1985; Harbison, 1998). 
Mangrove muds 
Mangals (mangrove communities) occur on one quarter of all tropical coastlines and 
occupy the upper to mid-intertidal zone (Ellison and Stoddart, 1991).  The extent of 
mangals and associated sediments within estuaries, whether in expansion mode or in 
retreat, is primarily related to the rate of sea level rise (e.g. Martin and Landim 
Dominguez, 1994).  Depositional records worldwide indicate that mangals cannot 
keep pace with accelerated sea level rise, and proliferate during periods of reduced 
sea level rise.  Other requirements for proliferation of mangals are calm water and a 
gently sloping intertidal area.  In deltas and chenier plains, mangrove distribution is 
more opportunistic due to the high rate of progradation (e.g. Grindrod and Rhodes, 
1984; Grindrod, 1985).  Marine flooding of restricted lagoons can eradicate 
mangrove woodlands (e.g. Turmel and Swanson, 1976) 
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Widespread mangrove forests occurred in tropical macrotidal estuaries during the 
Holocene sea level maximum (Woodroffe at al., 1985).  These areas were largely 
replaced with brackish to hypersaline conditions as sea level rise decelerated (e.g. 
Grindrod, 1985).  However, in higher rainfall areas freshwater wetlands directly 
replaced mangrove forest (Crowley and Gagan, 1995).  Mangrove distribution in 
microtidal temperate barrier lagoons during the Holocene stillstand was less 
extensive than in macrotidal tropical estuaries (Roy et al., 1980), and was principally 
associated with the tidal delta. 
HYDROGEOLOGY 
Groundwater occurrence in coastal plains 
High variation in salinity is to be expected in coastal settings, so much so that 
salinity is the principal determinant for classification of groundwater types in coastal 
settings (Stuyfzand, 1986). 
There are basically two sources of brackish and saline groundwater (Custodio, 1987): 
1) the original porewater content of marine sediments, i.e. relict salinity, 
2) the intrusion of seawater through both surface and underground flow. 
Also, brackish estuarine water may migrate into sediment layers between fresh 
groundwater bodies (Custodio, 1987), as reported in the some areas along the River 
Thames and the River Garonne.  This brackish water, therefore, represents a third 
potential source. 
The movement of groundwater occurs over geological time scales.  Therefore, rather 
than being solely a function of current physical settings, salinity distribution can be 
affected by previous sea-level fluctuations, subsidence, tectonic events and previous 
climates.  As a result, current or pre-development potentiometric levels do not fully 
account for salinity distributions within aquifers (e.g. Meisler, 1989; Meisler et al., 
1984, Tellam et al., 1986).  The saline water is derived from a higher stand of sea 
level in past geological time.  Conversely, the surficial unconsolidated aquifers in 
many coastal plains have formed in very recent geological time, i.e. within the last 
10,000 years.  Therefore, the majority of groundwater evolving in these sediments is 
even more recent. 
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Fresh coastal groundwater 
Fresh groundwater in estuarine plains is commonly associated with high natural 
recharge rates in elevated dune areas.  Such water bodies may or may not be isolated 
from landward fresh groundwater depending upon the salinity of groundwater 
associated with back-barrier lagoons (Custodio, 1987).  High natural recharge to 
coastal dunes and the associated development of hydraulic heads can limit seawater 
encroachment, as observed in Catalonia, Spain. 
In southeast Queensland, large macro dune deposits occur both offshore (e.g. 
Laycock, 1975) and onshore (e.g. Reeve et al., 1985).  Associated with these sand 
bodies are large fresh groundwater bodies.  The occurrence of a large isolated 
freshwater body on North Stradbroke Island, a large macro-dune barrier island in 
southeast Queensland, was ascribed by Laycock (1975) to “suppression” of the 
freshwater by the surrounding seawater.  An interface was not detected at the coast, 
with the freshwater body extending to consolidated basement.  In this setting, the 
likely position of the interface is some distance offshore due to the high rate of 
diffuse groundwater discharge. 
Brine occurrence and chemistry 
Due to the presence of relict salinity in coastal plains, an understanding of the 
processes of brine formation in both coastal and non-coastal settings is important in 
assessing sources of salinity.  Brine is hypersaline water that has evaporated to a 
salinity significantly greater than that of seawater. 
Evaporite leaching and membrane filtration (or reverse chemical osmosis) are two of 
the main processes postulated for brine formation with such brines exhibiting varying 
salinity and chemistry.  Graf (1982) calculated that overpressuring in sedimentary 
sequences is sufficient to overcome osmosis and allow brine formation from 
seawater via reverse osmosis.  Salinity profiles above and below shale measures in 
the Illinois Basin and Western Canada provide evidence of reverse osmosis.  
Furthermore, Br/Cl ratios indicate varying importance of halite dissolution in brine 
fields of sedimentary basins in the U.S. Gulf Coast.  Postulated causes of 
overpressuring are rapid sedimentation of fine-grained materials, lateral tectonic 
compression, and aquathermal pressuring. 
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Other authors have dismissed membrane filtration as an important mechanism in 
brine formation.  The reason for this is that the chemistry of brines is too variable and 
is not as predicted, and the overpressures required are not observed (e.g. Petalas and 
Diamantis, 1999). 
Cook and Mayo (1977) attributed hypersaline surface waters in mangrove channels 
in the Broad Sound coastal plain to runoff from adjacent supratidal flats.  Arakel and 
Ridley (1986) attributed stratified hypersaline groundwaters in the Brisbane coastal 
plain, to a combination of dominant evapotranspiration at discharge points and wet 
season flushing.  This variation in seasonal conditions allowed downward migration 
of hypersaline water.  In the hypersaline groundwater (up to 3 times the salinity of 
seawater), elevated Ca was accompanied by sulfur reduction and K depletion.  In 
mangals in Indian River, Florida, concentration of sulfate and chloride in porewater 
is attributed to water uptake by mangroves (Carlson et al., 1983). 
Most deep waters in sedimentary basins are Ca-rich and sulfate-depleted (Lerman, 
1970; Gavriell et al., 1995).  The occurrence of Ca-rich brines in the northern 
Atlantic coastal plain of the United States is attributed to evaporite leaching and 
landward movement of the brine as a result of basinal compaction rather than reverse 
chemical osmosis and membrane filtration (e.g. Meisler, 1989; Trapp and Meisler, 
1992).  In the northern part of this plain, where the distribution of brine is more 
significant, the mixing of brine and freshwater is a more significant process than the 
mixing of freshwater and seawater. 
Hydrogeology of inland lakes 
Due to their significance for land management, the hydrogeology of saline inland 
water bodies has been studied with regard to variable-density flow and 
hydrogeochemistry (e.g. Allison and Barnes, 1985; Jacobson and Jankowski, 1989; 
Simmons and Narayan, 1997; Rogers and Dreiss, 1995a; Rogers and Dreiss, 1995b; 
Simmons et al., 2002).  Many of the important controls over flow in such settings are 
likely to be also important in estuarine coastal areas, particularly restricted estuarine 
settings. 
Groundwater salinity distribution in closed basins is generally of two forms (Rogers 
and Dreiss, 1995a), for example, (a) in Mono Lake, California and Lake Tyrell, 
Australia, saline groundwater fills the entire aquifer, and (b) below Owens Lake, 
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California and Lake Frome, Australia, saline groundwater has limited extent below 
the surface. 
Domes of brine beneath inland groundwater discharge areas can flow opposite to the 
regional groundwater flow direction due to their density (Allison and Barnes, 1985; 
Jacobson and Jankowski, 1989), as indicated by salt budget deficits.  During rising 
lake water levels, the downward movement of saline groundwater leads to forced 
downward convection of lake water (Rogers and Dreiss, 1995b).  During lower lake 
levels and higher lake solute concentrations, simple advection causes downward 
movement of lake water into the aquifer.  The density instability created by dense 
lake water overlying less dense groundwater gives rise to convection cells (Simmons 
and Narayan, 1997; Rogers and Dreiss, 1995a; Rogers and Dreiss, 1995b).  
Mechanical dispersion is significantly more effective than molecular diffusion and is 
manifested as downward convection of “fingers” of dense water. 
In inland basins, concentration of Na relative to the more conservative Mg indicates 
dissolution of halite (Yang et al., 1997).  Brine close to halite saturation occurs at 
Spring Lake, a central Australian playa, and is Ca-depleted due to calcite and 
gypsum precipitation (Jacobson and Jankowski, 1989). 
The fresh / salt-water interface (the “zone of dispersion”) 
Where diffuse discharge of fresh groundwater occurs at a coastline, the vertical 
profile of the fresh / salt-water interface normal to the shoreline tends to occur as a 
concave-upward wedge of freshwater bounded by seawater.  The vertical position of 
the interface can be predicted from the aquifer thickness, the pressure head of fresh 
groundwater above a boundary datum and the ratio of the comparative densities of 
the two water bodies (the Ghyben-Herzberg effect).  The expected ratio of densities 
is approximately 1:40. 
Hubbert (1940) modified the static Ghyben-Herzberg equation to account for 
dynamic flow (Reilly and Goodman, 1985) and the occurrence of a seepage face at 
the coastline.  Using conformal mapping, Glover (1959) provided an analytical 
estimate of the position of the interface within a semi-infinite confined aquifer and 
the width of the seepage face at the beach.  Similar analysis was carried out for 
modified boundary conditions, an impermeable finite aquifer base (Bear and Dagan, 
1964) and a semi-confined aquifer subject to uniform infiltration (Bakker, 2000). 
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Due to the usually gradual vertical transition between fresh and saline water and the 
dispersive control of this transition, Kohout (1980) argued that the “interface” is 
more correctly a “transition zone”, “zone of diffusion” or “zone of dispersion”. 
Based on the salinity distribution in the zone of diffusion (or the transition zone), 
Cooper (1959) hypothesised that cyclic flow of seawater, analogous to thermal 
convection, must accompany freshwater discharge.  Inverted geothermal gradients, 
landward basal hydraulic gradients and distributions of natural C and U isotopes in 
the Lower Floridan aquifer generally indicate circulation of cold modern seawater in 
the transition zone (Meyer, 1989). 
On the Hawaiian shield volcano island of Oahu (Visher and Mink, 1964; Hunt, 
1996), the thickening of the transition zone was attributed to variations from the 
steady-state flow condition.  These variations were due to fluctuations in natural 
groundwater recharge further enhanced by groundwater extraction and tidal 
fluctuations. 
In small coastal plains, natural variations in groundwater recharge cause the position 
of the interface to move by tens of metres in one year (Custodio, 1987). 
Broadening of the transition zone can lead to an overestimate of freshwater resources 
by the Ghyben-Herzberg effect.  In a resistivity survey with a monitoring well 
inspection of Grand Cayman Island (Bugg and Lloyd, 1976), a 1:20 ratio between the 
potentiometric head and the base of the freshwater lens (less than 500 ppm Cl) and a 
1:50 ratio between the potentiometric head and the base of the transition zone were 
determined.  The expected 1:40 ratio indicated the centre of the transition zone (i.e. 
50% seawater).  Measurable groundwater temperature variations can occur between 
the transition zone and the saline sub-lens (Mink, 1964), capable of affecting the 
expected Ghyben-Herzberg ratio. 
The concave-upward shape of the interface is observed to be convex-upward as it 
meets the lower aquifer boundary (Vacher et al., 1991).  This is a requirement of 
flow being parallel to the lower boundary, concurring with analytical calculations 
(Henry, 1964).  This condition is expected to occur in the landward sector. 
Structural control over salinity distribution has been suggested by various authors 
(Tellam, 1995; Tibbals, 1990; Solis, 1981).  Faults within hard rocks can also act as 
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conduits for seawater intrusion (e.g. Custodio, 1987; Howard and Mullings, 1996; 
Rosenthal et al., 1999). 
Solis (1981) outlined four types of variations in the fresh / salt-water interface in the 
Texas coastal plain which are partly attributed to faulting: 
• the interface is deeper on the basinward side of some growth faults 
• the interface is shallower on some downthrown fault blocks 
• the interface rises where sand bodies pinch out 
• the interface rises locally around salt domes (diapirs). 
Saltwater intrusion 
Saltwater intrusion as a result of over-exploitation of groundwater is well 
documented (e.g. Andrews, 1981; Richardson, 1988a; Welsh, 1988; Hillier, 1993; 
Xue et al., 1993; Dempster, 1994).  Drawdowns of many tens of metres lead to long-
term increases in groundwater salinity adjacent to coastlines.  The extreme saline 
intrusion encountered in the western Netherlands has been managed for many 
centuries by pumping water from the low-lying polders into raised discharge canals 
(Van Rees Vellinga et al., 1981). 
In the coastal aquifer in Laizhou Bay, China, the development of seawater intrusion 
is roughly identical to the area where potentiometric level is below sea level (Xue et 
al., 1993).  Intrusion is accompanied by typical major cation exchange trends and 
concurrent changes in the ratios of major cations in the aquifer solids. 
Aquifer freshening 
Natural aquifer freshening is associated with coastline retreat and sea level fall. 
Induced aquifer freshening is associated with land reclamation or artificial aquifer 
recharge. 
One consequence of the introduction of freshwater into a saline aquifer is that clay 
properties may change (Appelo and Postma, 1994).  In saline aquifers, clays 
predominantly are flocculated irrespective of the high Na+ content.  Freshening may 
lead to both swelling and dissolution of clays.  Consequently, swelling reduces 
porosity and hence permeability.  A large reduction in effective porosity can cause 
measurable anion exclusion effects (see Ion exchange). 
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The role of permeable sediments 
The lateral extent of typically horizontal layers of unconsolidated sediments is a 
primary control over hydraulic behaviour in a coastal plain.  The sediments 
encountered range from gravels to clays and exhibit a broad range of hydraulic 
properties, particularly permeability.  Due to channel incision and coastal erosion, 
potentially confining layers are often of limited lateral extent within a plain. 
Estimates of hydraulic conductivity of sands can be derived from grain-size 
calculations via the Hazen method provided that the particular sand has a unimodal 
grain-size distribution (Fetter, 2001).  While sandy sediments can possess a wide 
range of hydraulic properties in estuarine settings, due to clean dune sands on North 
Stradbroke Island being relatively uniform, isotropic hydraulic conductivity within 
macro-dunes was assumed (Laycock, 1975).  Vertical hydraulic conductivity based 
on laboratory testing of drive tube samples provided estimates of between 0.2 and 
156 m/day with an average of 9 m/day.  These estimates compared well with 
estimates based on grain-size calculations (between 6 and 42 m/day with an average 
of 15 m/day).  Average porosity was 0.38 and specific yield was determined to be 
0.22.  Both muddy sands and alluvial sandy sediments are more poorly sorted than 
clean dune sands and, therefore, the occurrence of coarser-grained sandy sediments 
within an estuarine setting will not necessarily lead to overall hydraulic conductivity 
significant greater than is related to dune sands. 
The role of low-permeability sediments 
The widespread occurrence of low-permeability sediments (i.e. aquitards and 
aquicludes) in estuarine coastal plains, as horizontal layers that may be either 
continuous or discontinuous, is not only significant for groundwater flow rates but 
also for flow direction, solute transport, and the configuration of groundwater bodies. 
In coastal settings where flushing of saline water is incomplete (Harris, 1967), 
variations in sediment types of widely varying permeability are more important than 
density considerations in controlling salinity distribution.  A regionally unconfined 
aquifer may be partially confined near the coast (e.g. Bear and Kapuler, 1981). In 
this case, seawater / freshwater sub-aquifers with different water levels can be 
juxtaposed. 
Based on the assumption of Darcian flow, hydraulic testing of low-permeability 
materials presents additional difficulties compared to more permeable materials 
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(Neuzil, 1986).  Transient effects associated with deformable materials and 
monitoring of flow at low hydraulic gradients are two such difficulties.  
Nevertheless, estimates of hydraulic conductivities by a variety of methods produce 
comparable results.  Marine muds (illite, chlorite and smectite) have measured 
hydraulic conductivities in the range of 10-8 to 10-11 m/s (Neuzil, 1994; Silva et al., 
1981).  However, the applicability of Darcian flow, i.e. the linear relationship of 
hydraulic gradient to groundwater flow, in low-permeability units is controversial.  
Osmotic pressure is a non-Darcian effect that may be significant for very saline 
formations (Neuzil, 2000). 
A threshold hydraulic gradient possibly does not exist for kaolinite or illite, but 
possibly exists in the extremely small pores of montmorillonite (Olsen, 1966).  At 
void ratios typical of in situ conditions, threshold hydraulic gradients in marine clays 
may be insignificant (Silva et al., 1981; Dixon et al., 1999).  Furthermore, laboratory 
conditions including osmosis may produce apparent threshold hydraulic gradients 
(Olsen, 1985).  However, other studies suggest that a threshold hydraulic gradient 
does occur at low porosity (Mavko and Nut, 1997; van der Marck, 1999). 
Interestingly, while advection may be the dominant solute transport mechanism in 
high permeability sediments, molecular diffusion may be the dominant control in 
low-permeability sediments (e.g. Quigley et al., 1985; Remenda et al., 1996; 
Desaulniers et al., 1981; Hendry and Wassenaar, 2000).  The two processes of 
advection and diffusion can be compared via sensitivity analysis (e.g. Remenda et 
al., 1996).  This has important implications for conceptual and numerical modelling 
of solute transport and the movement of solutes over geological time (see 
Groundwater numerical methods and other computer-based assessment methods).  
Modelling of solute transport in marine clays is simplified by assuming an initially 
uniform vertical salinity due to clay consolidation (e.g. Quigley et al., 1985).  
However, for vertical variable-density flow in low-permeability sediments with 
constant hydraulic heads at boundaries, reversal of groundwater velocity may occur 
due to changes in total pressure over time (Konikow and Rodriguez Arévalo, 1993).  
Furthermore, geochemical reactions, particularly weathering, within the profile 
delays the transport of solutes compared with water isotopes (Hendry and 
Wassenaar, 2000). 
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Chemical characteristics of groundwater in coastal plains 
Major Ion Chemistry 
A small number of fundamental or principal ions represent in most cases more than 
99% of total ionic content in natural waters (Custodio, 1987).  Groundwaters can, 
therefore, be typically classified into “water types” on the basis of the absolute and 
relative abundances of major ions.  It is possible to categorise dominant 
environments and their associated predominant hydrogeochemical reactions 
according to water type (Custodio, 1987; Howard and Mullings, 1996).  However, 
due to the predominance of Na and Cl in saline waters, major ion differences 
presented by trilinear diagrams can be inconclusive in distinguishing between saline 
water bodies (Howard and Lloyd, 1984).  Consequently, Stuyfzand (1986) proposed 
a modified water-type classification system for groundwaters in the coastal dune area 
of the western Netherlands.  The main features of this system were salinity, hardness, 
water type and a correction for sea-salt. 
Various ratios of major ions can indicate processes of chemical evolution in coastal 
groundwater.  The determination of the source of salinity is usually via chemical 
methods (Lloyd and Heathcote, 1985), and the Mg/Ca ratio is usually much greater 
in seawater than in continental waters (Custodio, 1987).  Discrimination based on 
relative major ion abundances is more successful where recharging freshwater is of 
continental (Ca-HCO3 type) rather than of marine origin (Na-Cl type).  In coastal 
eastern Australia, rainwater is chemically similar to dilute seawater (e.g. Bayly, 
1964; Reeve et al., 1985).  In the Rhodope area of Greece, the Cl/HCO3 ratio was 
initially used to discriminate sources of salinity (Petalas and Diamantis, 1999).  
Rosenthal et al. (1999) distinguished groundwater types by consideration of Na/Cl, 
Mg/Ca, SO4/Cl, Cl/Br and Q ratios (where Q = Ca/( SO4 + HCO3)). 
Sukhija et al. (1996b) discriminated between modern and ancient sources of salinity 
in coastal aquifers in southern India via various hydrogeochemical methods: 
• temporal variations in major ions, as indicated by Piper diagrams 
• minor ions, potassium, I/Cl ratios 
• environmental radioisotopes (14C) 
• organic biomarker fingerprints (the presence of vaccenic and hopanoic acids 
indicated intrusions of recent estuarine or marine waters). 
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Minor Ion Chemistry 
Iron, manganese and heavy metals. High iron concentrations in groundwater are 
associated with high sulfate concentrations and indicate variations in the distribution 
of iron-bearing sediments (e.g. Veeger and Stone, 1996).  A sum of eight hazardous 
metals was used by Stuyfzand (1999) as part of a pollution index to classify facies 
within Dutch coastal groundwater types. 
Cook and Mayo (1980) considered the Mn/Fe ratio to be a useful depositional 
indicator in coastal sediments in tropical Queensland.  Metal ratios (e.g. Cu/Pb and 
Cu/Zn) are better depositional indicators than metal abundances, and organic matter 
content may be even more informative (Cook and Mayo, 1980).  However, other 
authors relate metal occurrence to pH and redox potential.  Cr, Cu, Fe, Mn, Pb, U, 
and Zn exhibit dynamic behaviour and their distribution in detrital sediments is 
related more to pH and redox potential than to depositional history (López-Buendía 
et al., 1999).  Saline waters with low pH and Eh are most effective in effecting 
mobility of Fe and Mn in subtropical central Moreton Bay (Arakel and Ridley, 
1986). 
Silica. At high temperatures, silica content is largely controlled by temperature and 
serves as a “geothermometer”.  Due to the slow kinetics of silica dissolution in low 
temperature formations, silica content has been proposed as a proxy indicator of 
groundwater residence time (e.g. Custodio, 1987).  Natural waters (including recent 
seawater and rivers) should be undersaturated with respect to natural opaline silica 
(Berner, 1971).  However, organic acids may either facilitate silica dissolution (e.g. 
Bennett and Siegel, 1987) or retard dissolution (e.g. Siever, 1962).  Elevated silica 
concentrations associated with elevated bicarbonate concentrations in creeks draining 
bedrock may indicate weathering of primary minerals (e.g. Reeve et al., 1985). 
Weathering of most silicate minerals is a slow process (Appelo and Postma, 1994), 
therefore chemical changes are less apparent than is the case for carbonate 
dissolution.  However, silicate weathering is the most important buffering 
mechanism in carbonate-free sediments. Due to the paucity of bicarbonate in 
seawater, silica phase equilibria and ion-exchange equilibria may be more important 
in pH control than the bicarbonate system (Sillen, 1961). 
Strontium.  Column experiments indicate that Sr2+ undergoes the same ion exchange 
trends as Ca2+ during salinisation (Panteleit et al., 2001), but does not undergo 
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dissolution and precipitation reactions.  Whereas Mg and Ca may be saturated in 
seawater, Sr is only slightly soluble but remains undersaturated with respect to 
seawater due to its low abundance (Custodio, 1987).  Variations in the ratio of Sr2+ 
ions to Ca2+ and Mg2+ ions can indicate the succession of dissolution and 
precipitation steps (Tulipano and Fidelibus, 1996).  In tropical Queensland, the Sr 
content within shells increases with increased weathering (Cook and Mayo, 1980).  
However, Sr is associated with clays as well as calcareous material, limiting its use 
as an environmental indicator, although elevated Sr can indicate an evaporite source 
(Hem, 1985). 
Bromide.  Due to the different solubilities of Cl and Br salts, Br/Cl ratios 
(alternatively expressed as Cl/Br) can be useful in discrimination between sources of 
saline waters where halite saturation has been reached during hydrogeochemical 
evolution (Knuth et al., 1990; Tellam, 1995; Andreasen and Fleck, 1997, Davis et al., 
1998, Stober et al., 1999).  Both ions are relative conservative, but during the 
formation of halite, the precipitate is depleted in Br while the brine is enriched. 
The levels of Cl and Br in seawater are 19,000 mg/L and 65 mg/L respectively (CRC 
Handbook, 1984).  The Cl/Br ratio of seawater (on a weight/weight basis) is 
therefore 292 (or 660 in atomic terms).  Geothermal waters are typically in the range 
600-1100 in atomic terms (Ellis and Mahon, 1977).  Cl/Br ratios (on a weight/weight 
basis) for groundwater associated with Tertiary evaporites in the upper Rhine River 
Valley range from 104 (the gypsum-out point) to 2,000 (the sylvite-in point) (Stober 
et al., 1999). 
In a salinity contamination study, Knuth et al. (1990) used Br/Cl (on a weight/weight 
basis) to successfully discriminate between original formation water (Cl/Br = 130), 
gas field brine (Cl/Br = 90) and road salt (Cl/Br = 8,400). 
The role of Br is less straightforward in fresh groundwaters and rain water (Vengosh 
and Pankratov, 1998; Davis et al., 1998).  Bromide depletion in fresh groundwaters 
may be due to bioaccumulation and soil organic matter sorption during infiltration, or 
alternatively Br enrichment may occur by organic matter decomposition.  Fluoride 
behaves even more conservatively than Br and is, therefore, of less use as an 
environmental tracer. 
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Boron.  In groundwater, elevated boron may indicate dissolution of evaporite 
deposits (Tellam, 1995) or the presence of hydrothermal waters (Petalas and 
Diamantis, 1999). 
Due to its low mobility, boron is suggested as the most effective paleosalinity 
indicator in coastal sediments (e.g. López-Buendía et al., 1999).  However, boron is 
reported to be lost from shells with increased weathering (Cook and Mayo, 1980). 
Phosphate.  Elevated concentrations of phosphate are not necessarily related to 
anthropogenic activities.  While the tropical Broad Sound estuary is nutrient poor, 
phosphate is concentrated in supratidal porewaters (Cook and Mayo, 1980) although 
formation of apatite may be inhibited by a high Mg/Ca ratio.  Phosphate is associated 
with terrigenous clays and the rate of sedimentation may control phosphate 
concentration.  Phosphate is acid-soluble and acid porewaters may remove phosphate 
from mangrove swamp sediments over geological time.  In mangal porewater in 
Indian River, both phosphate and iron concentrations vary seasonally (Carlson et al., 
1983).  Mazda et al. (1990) reported tidal variations in porewater dissolved oxygen 
and phosphate concentrations in a mangrove wetland. 
Nitrate can be persistent in aquifers where denitrification is reduced.  Where high 
groundwater nitrate levels are generated by adjacent land use, nitrate can be an 
effective tracer of groundwater flow (e.g. Johannes, 1980). 
Trace Chemicals 
Fluoride and iodide. Enrichment in minor ions such as I, Sr, and F in intruding saline 
waters and depletion in K may be due to interaction of groundwater with sediments 
(e.g. Lloyd and Heathcote, 1985; Sukhija et al., 1996b). 
Iodide is useful in discriminating between saline water bodies (e.g. Howard and 
Lloyd, 1984; Sukhija et al., 1996b; López-Buendía et al., 1999).  Iodide is 
concentrated in marine sediments, therefore increased contact with these sediments 
increases the I/Cl ratio.  The Cl/I ratio (on a weight/weight basis) is about 600,000 
for present seawater and less than 250,000 for old seawater (Howard and Lloyd, 
1984). 
Methane.  In an anoxic shallow sandy aquifer in Denmark, the zone of 
methanogenesis occurs landward of the zone of sulfate reduction (Andersen et al., 
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2001).  In this setting, CO2 concentration may be the driving force in calcite 
dissolution. 
Environmental Isotopes 
δ18O and δ2H in water.  The relative abundances of the environmental isotopes 
18O/16O and 2H (or deuterium - D)/1H are useful in determining groundwater 
provenance (e.g. Howard and Mullings, 1996), groundwater evolution processes and 
also in semi-quantitative estimation of evaporation rates (e.g. Meyers et al., 1993).  
Evaporation is the main process by which surface waters undergo isotopic 
fractionation of O and H. 
The relative importance of evaporation and water uptake by plants can be determined 
by considering environmental isotopes in conjunction with solute levels (e.g. Sharma 
and Hughes, 1985).  Compared to evaporation, water uptake by plants has little effect 
on the isotopic composition of rainwater (Allison et al., 1984). 
Two separate sources of salinity were identified in an inner plain environment by a 
combination of methods (Rosenthal et al., 1999).  Environmental isotopes 
distinguished recent from paleowater while major and minor ion ratios distinguished 
marine from non-marine water. 
δ34S and δ18OSO4 in water.  Sulfur isotope fractionation is related to the process of 
pyritisation, but pyrite dissolution is not associated with significant fractionation.  
The degree of δ34S fractionation is relate to repeated reduction and pyritisation, and 
also to microbially–mediated reactions. 
δ34S as an indicator of sulfate reduction is effective in identifying upwelling regional 
groundwater (e.g. Yang et al., 1997; Dogramaci et al., 2001).  Sulfur isotopes allow 
discrimination between gypsum and pyrite as the source of elevated SO4 
concentrations (e.g. Gavriell et al., 1995; Yang et al., 1997; Logan et al., 1999).  In 
deep Ca-rich and sulfate-depleted oilfield brines in the Israel coastal plain, δ34S 
analysis indicates that gypsum precipitation is more significant than sulfate reduction 
(Gavriell et al., 1995).  Gypsum precipitation does not significantly alter sulfur 
isotopic compositions. 
Consideration of SO4/Cl ratios, δ18OH2O and δ18OSO4 can indicate the relative 
interaction of pyritic sediments with either shallow groundwater or O2.  Comparison 
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of groundwater δ18OH2O and δ18OSO4 is revealing in the assessment of groundwater 
evolution in anaerobic conditions (e.g. Yang et al., 1997). 
Radioisotopes 
δ14C and 3H. The most interesting environmental radioisotopes used to study the salt-
freshwater relationships in groundwater are 3H and δ14C (Custodio, 1987).  A tritium 
concentration of less than 1 TU indicates infiltration before 1953.  Recent tritium 
peaks are as follows, 1961-1962: 60, 1964: 200, 1968-1969: 100, 1971-1972: 110 
and 1976: 128 TU (Stuyfzand, 1999).  In the coastal area of the western Netherlands, 
the 1964 tritium peak of 218 TU occurred in groundwater approximately 700 m from 
the point of infiltration without significant smoothing (206 TU) attributed to the low 
longitudinal dispersivity in the coastal sands. 
Use of 3H is not feasible if residence time is more than 20 years (Petalas and 
Diamantis, 1999), whereas radiocarbon analyses can indicate groundwater as old as 
30,000 years (e.g. Sukhija et al., 1996a; Plummer and Sprinkle, 2001). 
However, each hydrogeochemical reaction contributes to unrealistically old 
radiocarbon ages.  In regional carbonate aquifer systems, there is an association 
between radiocarbon decline and δ13C increase along flow paths (Landmeyer and 
Stone, 1995).  The mixing of soil gas and calcium bicarbonate provides a simple 
model for the isotopic ratios of recharge waters.  Under anoxic conditions, isotopic 
fractionation between methane and CO2 further complicates isotopic ratios (Chapelle 
and Knobel, 1985).  Also, diffusion of 14C into less permeable sediments leads to 
faster apparent decay requiring age correction to a shorter age (Sanford, 1997). 
Hydrogeochemical processes 
Typical reactions considered in coastal hydrogeochemistry are ion exchange, 
oxidation/reduction reactions and precipitation/dissolution and weathering reactions.  
Ion exchange, particularly involving major cations, can be the dominant 
hydrogeochemical process in coastal aquifers (e.g. Visher and Mink, 1964; Appelo 
and Postma, 1994). 
Mixing. Deviation of ion ratios from those intermediate between end member 
groundwater types is indicative of processes other than mixing (Howard and Lloyd, 
1984).  Mixing of calcite saturated waters may also be indicated by undersaturation 
with respect to calcite (e.g. Appelo and Postma, 1994; Logan et al., 1999). 
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Concentration, evaporation and water uptake by plants. Typically, comparison of 
groundwater chemical composition with rainfall and surface water chemical 
composition is used to quantify rates of concentration.  An outcome of a 
characteristic evaporation rate in a region is that freshwater can have a characteristic 
baseline salinity value (e.g. Petalas and Diamantis, 1999). 
The relative rates of evaporation and water uptake by plants can be indicated by 
consideration of 2H versus Cl trends (e.g. Logan et al., 1999). 
Water uptake in mangals significantly alter sulfate/chloride ratios via exclusion of 
sulfate (Carlson et al., 1983).  Mangroves are thought to actively exclude Na+ from 
the xylem sap and Cl- regulation occurs as a result of ion balance (Clough et al., 
1979). 
Ion exchange.  Ion exchange effects can cause deviations from ideal mixing between 
saline and freshwater end points.  Typical freshening and salinization patterns in 
recent seawater intrusions are well established (Visher and Mink, 1964; Appelo and 
Postma, 1994; Appelo and Geirnaert, 1991; Appelo et al., 1989; Mercado, 1985; 
Howard and Lloyd, 1984; Xue et al., 1993; Martinez and Bocanegra, 2002; 
Vandenbohede and Lebbe, 2002).  In the Dutch subsoil, freshening is associated with 
water type evolving from NaHCO3 through Mg(HCO3)2 to Ca(HCO3)2 (Appelo and 
Postma, 1994). 
In montmorillonite (e.g. Demir, 1988), the anion transport may be increased by as 
much as 50% due to anion exclusion. 
In salinization of an aquifer, Na+ and Mg2+ ions can displace Ca2+ ions leading to 
supersaturation with respect to calcite and dolomite (Howard and Mullings, 1996).  
However, calcite deposition during intrusion may be masked by sulfate reduction 
(Appelo and Postma, 1994). 
The grain size of aquifer materials influences the adsorption capacity considerably 
(Appelo and Postma, 1994), however, organic or iron hydroxide coatings on coarser 
gains also increase cation exchange capacity.  For the clastic coastal shallow aquifer 
of Mar Del Plata, Argentina, the clay fraction of sediments are principally smectites 
and the estimated cation exchange capacity is 2,400 meq/L (Martinez and Bocanegra, 
2002).  This compared with typical porewater cation content of 20-30 meq/L.  In this 
setting, cation exchange is the dominant process.  For a silty sand aquifer with a 
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cation exchange capacity of approximately 100 meq/L, a classic chromatographic 
pattern was revealed by monitoring of major ion concentrations following injection 
of treated municipal effluent into a brackish shallow aquifer (Valocchi et al., 1981).  
This pattern showed close agreement with the ion exchange pattern expected for 
ternary heterovalent exchange involving Na+, Mg2+ and Ca2+ ions.  Chromatographic 
effects are reduced by low formation cation exchange capacity (Mercado, 1985), 
associated with very coarse sediments (Appelo and Postma, 1994) and carbonate 
aquifers (Edmunds and Walton, 1983). 
Ion exchange involving major and minor ions has also been reported for hypersaline 
waters (Tellam, 1995).  The range of possible cation exchange capacities in the 
aquifer studied makes this possible. 
Carbonate precipitation and dissolution.  During evolution of fresh groundwater, 
calcite equilibrium is secondary to ion exchange as the most important process (e.g. 
Martinez and Bocanegra, 2002).  The relative importance of the two processes in 
leading to high Ca concentrations can be indicated by consideration of pH (e.g. 
Logan et al., 1999).  Generally, calcite undersaturation in a groundwater body can 
indicate the mixing of two water bodies previously saturated with respect to calcite 
(Appelo and Postma, 1994). 
Tulipano and Fidelibus (1996) attribute progressively higher Sr2+/(Ca2+ + Mg2+) 
ratios along an identified flow path to longer groundwater residence times due to 
carbonate precipitation.  However, where groundwater is undersaturated with respect 
to carbonate minerals, dissolution is the dominant process and an absolute increase in 
Ca2+ and Mg2+ ions along a flow path indicates increased groundwater evolution.   
While the occurrence of calcite and aragonite can be attributed in part to reworking 
of biogenic material, secondary dolomitisation occurs in Mg-rich porewaters, 
typically in supratidal flats and shallow-marine environments (Cook and Mayo, 
1980).  In this setting, it was suggested that enrichment in Mg was associated with 
gypsum formation.  Enrichment in Mg also associated with the reclamation of saline 
soils (Appelo and Postma, 1994), with water composition progressing as follows; 
Na-Cl  ⇒  Na-HCO3  ⇒  Mg(HCO3)2  ⇒  Ca(HCO3)2. 
Sulfate reduction and pyrite oxidation.  The occurrence of organic rich sediments can 
promote sulfate reduction leading to further complication of ion exchange and 
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precipitation processes (Lord and Church, 1983; Custodio, 1987). Trends 
accompanying sulfur reduction include high Na/HCO3 ratios (Petalas and Diamantis, 
1999) and fractionation of 34S/32S (Clark and Fritz, 1997).  While sulfate depletion 
accompanying seawater intrusion in the Botany Sands aquifer was attributed to 
sulfate reduction (e.g. Lavitt et al., 1997), it was demonstrated by Gomis-Yagües et 
al. (2000) that such reduction may also be related to gypsum precipitation if transient 
Ca concentration increase via cation exchange is sufficient. 
A decrease in sulfate concentrations can be attributed to either precipitation or sulfate 
reduction (Lawrence et al., 1976). 
Ca + SO42-  ⇒  Ca SO4 
2H2CO + SO42-  ⇒  2HCO3- + H2S 
The buildup of H2S is prevented by the presence of excess iron minerals (Gagnon et 
al., 1996) which precipitate dissolved sulfides as FeS and FeS2.  Pyritic sediments 
formed by sulfate reduction principally occur as cubic FeS2 (White et al., 1995) and 
are a common feature of Holocene-age sediments in low-energy tidal environments 
worldwide.  In organic-rich sediments, a large percentage of reduced sulfur may also 
become organically bound in tidal sediments (Vairavamurthy et al., 1994).  These 
sulfonates may persist under aerobic conditions, where sulfates are preferentially 
reduced.  In organic-rich limestones, pyrite formation is limited by low Fe 
availability (Bottrell et al, 1998).  In such settings, sulfur chemistry is related to 
carbonate chemistry (Ku et al., 1999); reduced sulfur is readily re-oxidised and 
sulfate concentrations are therefore stable. 
The oxidation states of coastal sediments and groundwater are major controls over 
groundwater quality.  Jackson and Patterson (1982) suggested that Eh measurements 
should be supplemented by dissolved oxygen and sulfide measurements, since Eh 
and pH measurements can overestimate the oxidation state of estuarine waters where 
the presence of pyrite and gaseous hydrogen sulfide clearly indicate reducing 
conditions (e.g. Cook and Mayo, 1980).  Eh values derived from different methods 
generally do not agree since most Eh values represent mixed potentials with various 
couples out of equilibrium.  Due to the relatively constant pH of many sedimentary 
environments, Eh-pH diagrams do not provide a good indication of the stability of 
iron minerals.  To overcome this, Berner (1981) classified coastal sediments as oxic 
([O2] ≥ 10-6M), or anoxic (([O2] less than 10-6M).  Anoxic sediments are further 
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classified as sulfidic ([H2S] more than or equal to 10-6M) or non-sulfidic ([H2S] less 
than 10-6M).  Non-sulfidic sediments may be post-oxic or methanic, depending on 
the availability of SO4 and organic matter.  Henry et al. (1982) measured Eh directly 
but also calculated pe from the oxidised-reduced couples NO3-NH4 and SO4-H2S, 
while equilibrium constants for trace metals were unavailable or unreliable. 
The oxidation of pyrite and other sulfide minerals by oxygen has a large 
environmental impact (Appelo and Postma, 1994). When oxidised, these sediments 
generate sulfuric acid, thus forming acid sulfate soils with pH more than 4 and 
elevated concentrations of dissolved metals (Sammut et al., 1995).  Anoxic 
conditions under shallow water tables typically preserve pyritic sediments, however, 
FeS can be microbially oxidised in acidic anaerobic marine sediments (Schippers and 
Jørgensen, 2002). 
Sulfate dissolution and precipitation.  The maintenance of seawater sulfate levels 
during intrusion in coastal China were attributed to low organic carbon levels (Xue et 
al., 1993).  In hydrogeochemical modelling of saline intrusion, gypsum dissolution 
was included as a possible process but not gypsum precipitation (Martinez and 
Bocanegra, 2002). 
Retardation.  Apart from ion exchange of major cations, the retardation of specific 
ions by formations offers a means of defining groundwater flow directions and 
velocities.  The retardation of sulfate in an aquitard was modelled by Pucci (1999) in 
order to estimate the vertically upward flow in a marine aquitard.  The flow direction 
was assumed to be vertically upward, i.e. normal to the direction stratification, due to 
flow refraction.  An exponential decrease of seawater concentrations from the last 
eustatic highstand was simulated.  Due to heterogeneity, some inconsistency in the 
sulfate and chloride concentration gradients occurred. 
Groundwater management 
Over-exploitation 
While surficial sand bodies favour the creation of freshwater bodies (Custodio, 
1987), extraction from them is limited when saline water bodies occur nearby.  Cases 
of saline intrusion are well-documented (see above).  As with other limited reserves, 
mining of groundwater to ease temporal shortfalls may be the best management 
option. 
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As well as saline intrusion, another documented effect of coastal aquifer over-
exploitation is land subsidence. Notorious areas of land subsidence are the 
Netherlands (Emery and Aubrey, 1991), Mexico (Andrews, 1981), Po Delta and 
Venice (Lewis and Schrefler, 1978) in Italy, San Joaquin Valley and Santa Clara 
Valley in the United States and Tokyo in Japan.  Land subsidence related to 
withdrawal of groundwater, oil, or gas is significantly greater than subsidence due to 
natural factors.  Land subsidence of up to 3 m is attributed to over-extraction of 
groundwater in the U.S. Gulf coastal plain (Grubb, 1998), particularly in the Houston 
region.  Rates of subsidence in Houston have decreased where groundwater 
extraction has been reduced (Holdahl and Zilkoski, 1991).  The zone of maximum 
subsidence may correspond more closely with the aquifer compressibility than with 
the zone of greatest extraction (e.g. Balestri and Villani, 1991; Chen et al., 2003).  
Furthermore, because de-pressuring of aquifers involves a transfer of water from 
aquitards to aquifers (Xu et al., 1991), there can be a time delay associated with both 
pressuring and de-pressuring of aquifers.  Land subsidence over historical time has 
occurred in the Netherlands as a result of ongoing water level manipulation (Dufour, 
2000).  In order to monitor subsidence in the Netherlands, 46,000 benchmarks have 
been complemented by a network of 250 subterranean benchmarks (concrete or 
granite pillars) resting on Pleistocene sand. 
Maintenance of aquifer conditions 
Based on experience in the Netherlands, consideration of the position and extent of 
semi-confining layers is important to guard against the upward movement of 
underlying saline groundwater (Custodio, 1987).  Activities that may impact on the 
integrity of such layers are building foundations and sand extraction.  Reclamation of 
lowlands and fresh groundwater extraction (e.g. Roosma and Stakelbeek, 1988) take 
advantage of the occurrence of such layers. 
Artificial aquifer recharge in coastal areas 
Use of coastal aquifers, including saline aquifers, for artificial aquifer recharge of 
stored freshwater or liquid wastes is becoming more common (Meyer, 1989).  Other 
objectives of artificial recharge systems are to reduce saline intrusion or land 
subsidence, improvement of water quality via soil-aquifer treatment or natural 
attenuation, use of aquifers as a conveyance system, or to convert surface water to 
groundwater where groundwater is traditionally preferred for drinking (Bouwer, 
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2001).  Methods of artificial recharge can be categorized as infiltration systems or 
aquifer injection (Bouwer, 1988), and serve a range of beneficial uses.  Infiltration 
systems may be either in-channel (e.g. weirs, dams and levees) or off-channel (e.g. 
old gravel pits, specially constructed basins).  Typically, aquifer recharge is achieved 
by employing more than one strategy.  Bank filtration is a related but separate 
technique to artificial recharge that is employed to attenuate pollutants in surface 
waters (e.g. Stuyfzand, 1998).  Bank filtration and then aquifer recharge may be used 
in series in order to combine the different attenuation effects of both techniques (e.g. 
Roelofs, 1998).  For all strategies, one of the principal considerations is the 
possibility of aquifer clogging and much research is directed toward alleviating 
aquifer clogging (Bouwer, 1998). 
Bank infiltration can be classified as induced recharge (Bouwer, 2001). Apart from 
natural, artificial and induced recharge, other forms of groundwater recharge include 
enhanced and incidental recharge. Enhanced recharge consists mainly of vegetation 
management. Incidental recharge is caused by human activities including 
urbanisation, percolation from irrigation fields and sewage disposal. 
Seawater intrusion injection barriers allow drawdown to below sea level in landward 
irrigation areas (e.g. Richardson, 1988a; Welsh, 1988; Bosher et al. 1998; Oude 
Essink, 2001). The West Coast Basin Barrier in California has trapped a salt wedge 
landward of the barrier and this wedge is progressing landward.  Apart from 
providing a barrier to saline intrusion, aquifer injection is used when land is not 
available for infiltration (e.g. Dillon and Pavelic, 1998), surface sediments are not 
sufficiently permeable, or environmental concerns exist (e.g. Peters, 1988; Roosma 
and Stakelbeek, 1988; Richardson, 1988b). 
Infiltration systems.  In the Netherlands (Todd, 1959; Peters, 1988; Stuyfzand, 1988; 
Stuyfzand, 1999), the coastal dunes are recharged with polluted surface water via 
infiltration galleries in order to: (a) stabilise saline intrusion, and (b) provide natural 
filtration of polluted surface water, and to increase the volume of groundwater 
storage. 
Extracted groundwater supplies drinking water for the most heavily populated parts 
of the country.  The fine-grained surface sediments have hydraulic conductivities in 
the order of 10 m/day. 
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In Queensland, the largest coastal aquifer recharge scheme involves diverting 
episodic floodwaters into recharge pits and 215 km of natural and artificial channels 
within the Burdekin coastal plain (Hazel and Hillier, 1988).  The system is enhanced 
by barrages on tidal streams.  In the Burnett coastal plain, subject to large scale 
extraction and saline intrusion, large scale aquifer recharge via a similar scheme is 
not feasible due to the paucity of floodwaters. 
In coastal alluvium, engineering of a naturally abandoned river channel (e.g. 
Koutsos, 1988) or of a channel abandoned due to channelization (e.g. Richardson, 
1988b) can permit high infiltration rates. Clogging of infiltration systems in finer 
materials is achieved by methods such as regular removal of surficial layers, 
reducing erosion, and control of water depth (Bouwer and Rice, 1989; Bouwer, 
1998). 
Surface spreading of urban stormwater on coastal strips can potentially elevate 
shallow water tables (e.g. Martin and Gerges, 1995).  Nightingale and Bianchi (1977) 
also observed transient “turbidity flush” effects due to groundwater recharge from 
freshwater basins in a study site in California.  In this study, colloidal particles were 
found to be indigenous to the soil profile and fine enough not to cause aquifer 
clogging. 
Aquifer injection.  Freshwater injection barriers have already been applied in Israel, 
at Long Island and in Los Angeles (Oude Essink, 2001).  The successful 
implementation of aquifer injection is dependent on the properties of the aquifer and 
its native groundwater.  Due to less water-rock interaction, injection into 
unconsolidated aquifers does not achieve the same quality improvement as occurs 
with relatively finer-grained infiltration systems (Bouwer, 2001).  Most aquifer 
storage and recovery systems (ASR) use storage zones that contain native water 
unsuitable for direct potable use (Pyne, 1998).  Therefore, recovery efficiency testing 
must incorporate both hydraulic and water quality response. 
Hickey (1984) related variable back pressure associated with sewage injection into a 
saline limestone aquifer to buoyancy effects. Hickey and Ehrlich (1984) estimated 
that less than 0.2% of treated sewage injected into a high-transmissivity saline 
aquifer in Florida was recoverable.  This injection was originally conceived to meet 
pollution control goals of zero discharge of waste water (Rosenshein and Hickey, 
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1977).  The decay of an injection “bubble” may be controlled by aquifer 
transmissivity (Gerges et al., 1998). 
Clogging can be caused by particulate matter, organic matter, gas bubbles, or 
swelling of formation clay particles.  Initial attempts at well recharge in clastic 
sediments in the Netherlands in the 1950s led to well clogging (Peters, 1988).  Near 
The Hague, the sands between 20 and 50 m below sea level have hydraulic 
conductivity of approx. 30 m/day and are suitable for deep well injection (Kortleve, 
1998).  Short intermittent pumping can alleviate much of the clogging (Bouwer, 
2001).  Oberdorfer and Peterson (1985) reviewed the main causes of injection well 
clogging.  The production of nitrogen gas as the final product of denitrification was 
considered to be more effective in well clogging than the effect of suspended 
particulate matter.  In a limestone aquifer in the North Adelaide Plains of South 
Australia, initial clogging by particulate matter may be partly offset by calcite 
dissolution (Rinck-Pfeiffer et al., 1998).  In a separate injection study in the Adelaide 
area, acidification of recharge water increased well efficiency in a confined saline 
limestone aquifer (Gerges et al., 1998). 
An attractive feature of recovery of groundwater from recharge wells is the constant 
quality of the water compared with surface waters (Peters, 1988; Stuyfzand, 1988), 
considering that water quality variations present a problem as much as water quality.  
This aspect adds weight to other factors such as the properties of the aquifer and 
contaminant attenuation (Stuyfzand, 1988) in assessing the feasibility of aquifer 
recharge. 
METHODS OF ASSESSMENT 
Groundwater budget 
Typically, a water budget provides a preliminary assessment of the feasibility of 
other methods of hydrogeologic assessment.  The success of a water budget in 
estimating depends upon how uncertainties in measurable flows and their relative 
magnitudes affect the magnitude and uncertainty of the residual amount 
(representing groundwater storage). 
• Input (recharge) = output (discharge) plus change in storage. 
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Natural groundwater recharge 
Natural recharge of groundwater is generally from precipitation or from surface 
water bodies (Allison, 1988a).  Other than recharge from an essentially meteoric 
source, recharge of groundwater from surface water bodies can be considered in the 
context of surface water-groundwater interaction. 
Classification of methods of recharge estimation aids the assessment of the suitability 
of methods for particular settings.  Methods of quantifying fresh groundwater 
recharge can be classified according to the zone being measured; i.e. surface water, 
the unsaturated zone, or the saturated zone (Scanlon et al., 2002). Alternatively, 
recharge may be categorized according to whether inflow, outflow or aquifer 
response is monitored (Johansson, 1988). 
Groundwater fluctuations.  While the techniques based on measurement of water 
table fluctuations are among the most widely used techniques to estimate recharge 
(Healy and Cook, 2002), they require knowledge of specific yield.  Regarding 
recharge as a one-dimensional process, empirical relationships between rainfall and 
groundwater level can be obtained via inverse modelling (e.g. Viswanathan, 1984; 
Allison, 1988b). 
Although the groundwater fluctuation technique is intuitively appealing, it is an 
indirect method and large variations of specific yield in the vicinity of the water table 
make this technique problematic (Johansson, 1988; Rushton, 1988; Healy and Cook, 
2002). 
Tracer methods.  Chemical and isotopic methods are advantageous where fluxes are 
low and temporal changes are difficult to detect (Allison, 1988a).  The chloride ion 
has been used successfully as an indicator of recharge rates in natural and artificial 
recharge investigations (e.g. Sharma and Hughes, 1985; Sukhija et al., 1996a).  The 
principal assumption is that chloride behaves as an inert tracer.  However, in heavier 
textured soils, anion exclusion can affect the flow rate of chloride (Allison, 1988a). 
Vacher and Ayers (1980) compared the chloride concentration method (using 20 
rainfall tank samples) with water table configuration and extraction effect methods.  
A fourth method, involving short-term water table decline was compounded by 
barometric forcing of sea level.  The three methods used showed remarkably 
consistency (estimated recharge is 25% of rainfall).  Since the two latter methods are 
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hydrogeological methods with a high degree of inherent uncertainty, the chloride 
concentration method was considered an important supplementary method but likely 
to underestimate recharge due to overestimation of the modal groundwater chloride 
value in coastal settings.  In the Cooloola region of the southeast Queensland coast, 
rainfall chloride consistently decreases landward (Reeve et al., 1985). 
Of the isotopic tracers, 3H, δ2H and δ18O most accurately simulate the movement of 
subsurface water (Allison, 1988a).  Being related to an input pulse, tritium profiles 
can also indicate flow mechanisms within soil profiles (see below: Radioisotopes); in 
contrast, δ2H and δ18O are more indicative of groundwater source.  Considered in 
conjunction with chloride, they can indicate water concentration processes (e.g. 
Sharma and Hughes, 1985). 
Groundwater discharge 
Quantification of groundwater discharge presents similar problems to the 
quantification of groundwater recharge, both processes being diffuse.  Theoretically, 
diffuse discharge from an unconfined coastal aquifer will decrease exponentially 
with distance from the shoreline (Glover, 1959).  Furthermore, groundwater 
discharging further offshore will necessarily be brackish due to the incorporation of 
circulating seawater (Cooper, 1959).  While, seepage decreases with distance 
offshore, the rate of decrease is more dramatic than simply exponential (exp(-cx)) 
and is proportional to ln(coth(x)) where x is the distance from the shore line 
(Bokuniewicz, 1992).  Analytical considerations also predict a band of upward-
flowing groundwater landward of the shoreline (e.g. Toth, 1962).  Confined aquifers 
may crop out at any depth or distance from the shore (Johannes, 1980). 
A further complication in quantifying diffuse discharge is that not all discharging 
groundwater is freshwater (Moore, 1996) since subsurface coastal water varies from 
fresh to hypersaline. 
Discharge to estuaries.  Due to the environmental significance of submarine 
groundwater discharge to estuaries, most detailed studies of diffuse discharge have 
been conducted to monitor contaminants. 
The role of topographic versus tidal influence over seepage rates varies with estuary 
type (Corbett et al., 1999).  Freshwater aquifers tend to be hydraulically driven (e.g. 
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Capone and Bautista, 1985), while discharge from saline aquifers is more likely to be 
under tidal control (e.g. Paulsen et al., 2001). 
Thermal infrared imagery of estuaries can provide information about specific 
locations of groundwater discharge (Banks et al., 1996; Portnoy et al., 1998).  The 
technique typically indicates significant stream and near-shore discharge, but may 
underestimate discharge to deeper water.  However, vertical salinity anomalies 
beneath an estuary can indicate discharge to tidal channels rather than to the 
nearshore zone (Kitheka, 1998). 
Custodio (1987) adapted the modified tidal prism formulation of Ketchum (1951) to 
demonstrate the significance of diffuse groundwater to Biscayne Bay, Florida.  The 
modified tidal prism formulation is based on flow balance in estuary segments and is 
therefore simple and intuitively attractive.  It is assumed that salt flux occurs only 
longitudinally and that there is no vertical or lateral stratification.  A large number of 
theoretical and case studies employ either the Ketchum formulation or modifications 
of it, including salinity balance models (e.g. Bowden, 1967; Dyer and Taylor, 1973; 
Brown and Arellano, 1980; Kuo and Neilson, 1988; DiLorenzo et al., 1989; Bradley 
et al., 1990; Smith, 1993; Spaulding, 1994; Luketina, 1998; Guo and Lordi, 2000). 
However, the majority of these studies either do not differentiate between 
groundwater flux and river input, or only consider tidal and river flows.  Studies that 
attempt to evaluate all terms in the water balance of lagoons including groundwater 
seepage are rare (Smith, 1994).  Furthermore, the disregard of groundwater seepage 
and water recirculation contribute to serious errors in estimates of residence time 
(Lowery, 1998), with the latter process being most significant.  Longshore current is 
the most important determinant in reducing water recirculation (Guo and Lordi, 
2000).  It is also noted that estimations of salt fluxes in tide-dominated systems with 
distributed river inputs and complex channel geometry is particularly difficult 
(Simpson et al., 1997). 
Discharge to waterways, groundwater-surface water interaction.  Groundwater flow 
models typically employ simple transfer functions to simulate interaction between an 
aquifer and a stream (e.g. Nobi and Das Gupta, 1997), analogous to Darcian flow 
within an aquifer.  However, Rushton and Tomlinson (1979) demonstrated that a 
combination of non-linear and linear functions can better describe the interaction.  
43 
Furthermore, the amount of baseflow is generally sensitive to drain conductance, and 
determination of drain conductance from field data presents problems.  Vermeulen et 
al. (2001) suggested the designation of an inactive intermediate river stage where 
head difference is insufficient to generate aquifer recharge or discharge. 
Water balance methods and groundwater flow models.  Successful reconciliation of 
water balance for a watershed, a direct method, justifies the implementation of 
groundwater seepage analysis via watershed characterisation (Cambareri and 
Eichner, 1998).  Pandit and El-Khazem (1990) used a density-dependent finite-
element model to assess the significance of groundwater seepage through a vertical 
section of aquifer to Indian River Lagoon.  Assessment of the model relied on 
sensitivity analysis of aquifer parameters. 
Tracer methods and direct seepage methods.  Analysis of seepage flux at the 
sediment interface can be classified as “marine hydrogeological methods” 
(Dzhamalov, 1996) or “nearshore investigative methods” (Cambareri and Eichner, 
1998).  Benthic chamber and seepage meter measurements can be compared to 
distinguish advective from diffusive transport (Cable et al., 1996).  The effect of 
groundwater discharge is often overlooked in benthic flux experiments (Johannes, 
1980). 
Shaw and Prepas (1990) demonstrated the areal variation of seepage rates in a lake 
setting.  Also, the need for continual redesign of seepage meters indicates uncertainty 
in the determination of absolute seepage rates (e.g. Taniguchi and Fukuo, 1993; 
Paulsen et al., 2001).  Automated instrumentation is required where tidal control over 
seepage rates occurs. 
Significant groundwater nitrate flux to estuaries may be a recent phenomenon due to 
human activities (Capone and Bautista, 1985).  In the Perth region of Western 
Australia, groundwater nitrate concentrations associated primarily with residential 
irrigation generate elevated nitrate concentrations at the adjacent coastline (Johannes, 
1980; Appleyard, 2002).  Johannes (1980) estimated the ratio of groundwater to river 
nitrate flux to be 3:1, and Capone and Bautista (1985) directly measured nitrate 
concentrations in sediments in Great South Bay, New York.  In both settings, nitrate 
concentration was negatively correlated to salinity.  The presence of ammonium in 
Great South Bay sediments indicated significant nitrate reduction.  Elevated 15N in 
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subaquatic vegetation in Florida Bay may indicate significant groundwater nutrient 
input (Corbett et al., 1999). 
Significant diffuse groundwater nitrate flux in Chesapeake Bay is related to 
agricultural activity.  Nitrate fluxes are reduced by dilution during high flow events 
(Staver et al., 1996a; Staver et al., 1996b).  In contrast, phosphorus flux is 
predominantly correlated to suspended solids during high freshwater flow.  In this 
setting, temporal patterns of concentration provide a dramatic demonstration of the 
different nutrient pathways for N and P. 
The flux of trace gases, 222Rn (t1/2 = 3.83 days) and methane, were used by 
researchers in Florida to estimate the groundwater discharge to the sea (Chanton et 
al., 1996; Burnett et al., 1996; Cable et al., 1996).  Levels of both gases are elevated 
in groundwater relative to surface waters.  While methane levels are correlated with 
directly-determined seepage rates, methane levels are not well correlated with radon 
in either surface water or groundwater.  Moore (1996) used 226Ra (t1/2 = 1,620 years) 
to measure discharge to the open ocean adjacent off South Carolina.  Groundwater 
flux was estimated to be 40% of river input, irrespective of significant groundwater 
extraction. 
Discharge to wetlands.  Nuttle and Harvey (1995) modelled upward groundwater 
discharge into intertidal wetlands based on hydraulic head measurements and 
specific yield and evapotranspiration estimates.  Groundwater seepage supplied 62% 
of the water removed from the sediment by evapotranspiration.  Heads varying 
between 30 cm and -30 cm were determined using ceramic cup tensiometers.  
Extrapolation of results for an 11-day period indicated that discharge may flush salt 
from the sediment during low evapotranspiration periods, however, a net increase in 
salt occurred during the time of measurement.  Matrix porewater was enriched in 
chloride relative to seawater while water in macropores was relatively dilute (Harvey 
and Nuttle, 1995). 
Ecological zonation, including mangrove distributions, in wetlands may indicate 
groundwater discharge zones (Johannes, 1980; Kitheka, 1998). 
Comparison of methods.  Millham and Howes (1994) compared five methods of 
estimation of discharge to a shallow embayment with mean depth of 1.2 m in glacial 
sediments.  Groundwater represented more than 95% of freshwater inflow.  
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Generally, three watershed-based methods (inlet closure, water budget, flow net 
analysis) showed better agreement and were more accurate than two embayment-
based methods (chloride and volumetric fluxes at the inlet). 
Seepage meters may overestimate discharge rates (Giblin and Gaines, 1990).  Factors 
that may contribute to errors include sampler design and uncertainties in 
extrapolation of seepage meter results. 
Groundwater storage 
As well as resulting in saline intrusion, aquifer over-exploitation can result in an 
associated increase in available groundwater due to release of storage and 
contributions from previously undeveloped minor aquifers (Howard, 1987).  
Consequently, this process can significantly counter saline intrusion with lower 
transmissivity aquifers being more resilient. 
In many hydrogeological studies, diffuse coastal groundwater discharge has been 
regarded as loss, equal to the sustainable yield of the aquifer.  However, this concept 
completely ignores natural groundwater discharge (e.g. Sophocleus, 2002) and can 
lead to the drying up of surface water bodies.  As a result of such concerns, changes 
to legislation in Queensland and elsewhere has seen groundwater allocation to the 
environment (e.g. Arrowsmith and Carew-Hopkins, 1995).  In the Netherlands, wet 
swales have been largely removed from the mainland dunes, beginning around 1850 
(Roosma and Stakelbeek, 1988; Peters, 1998; Bakker and Stuyfzand, 1993), with loss 
of vulnerable phreatophyte species.  However, on a world scale, there are only a few 
well-documented cases where destruction or deterioration of wetlands has been 
attributed to either groundwater extraction or contamination (Llamas, 1992), and 
tidal wetlands are not as dependent on groundwater input as inland wetlands. 
Geophysical methods 
Determination of the morphology of saline water bodies is often uncertain due to 
lack of drillholes or infilling of saline drillholes.  This problem can be alleviated by 
surface geophysics and downhole geophysics if a correlation exists between signal 
response and groundwater salinity. 
Groundwater salinity assessment can be determined by overland resistivity surveys 
(e.g. Bugg and Lloyd, 1976; Fretwell and Stewart, 1981; Steinich and Marin, 1996; 
Stewart et al., 1983).  Overland electromagnetic survey of salinity is preferable in 
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some settings (e.g. Stewart, 1982), and the depth of interest can be targeted and 
measured more accurately. 
According to Custodio (1987), one of the main deficiencies of geophysics (in the 
context of using resistivity logging only) is the impossibility to distinguish clay 
bearing freshwater from sand-bearing saline water.  To overcome this problem, 
relationships can be developed between signal response and clay properties. 
Mapping of aquifer geometry via ground penetrating radar (e.g. Neal and Roberts, 
2000) and seismic surveys (e.g. Brown et al., 2001) can be used to assess the 
complexity of flow paths, e.g., the potential for upward groundwater discharge from 
paleochannels into shallow estuaries. 
Groundwater numerical models and other computer-based assessment methods 
General numerical modelling considerations and methodology 
Due largely to the spatial complexity and heterogeneity in coastal aquifer systems in 
terms of both aquifer properties (e.g. Harris, 1967) and hydrogeochemical processes, 
in order to progress from purely descriptive to semi-quantitative and quantitative 
assessment, distributed models of groundwater flow or solute transport are generally 
required.  Analytical models, i.e. models requiring limited assignment of distributed 
aquifer parameters, are usually only employed in simple scenarios (e.g. 1-D 
horizontal flow in aquifers or 1-D vertical flow in aquitards) or to “benchmark” 
numerical models. 
Generally, 2-D models adequately describe horizontal flow in practical situations 
(Custodio, 1987).  Also, sections of aquifers may be modelled where insignificant 
flow normal to the section can be assumed.  This is often assumed in strata adjacent 
to a coastline.  Three-dimensional models are more difficult due to extra computing 
and data requirements. 
There are advantages and disadvantages of using computer-based groundwater 
models (Baski, 1979; Darr, 1979; Prickett, 1979; Rojstaczer, 1994; Voss, 1998).  The 
advantages are the ability to solve complex problems and the availability of 
computer models.  Disadvantages are the latitude for poor model selection, 
inadequate documentation, and over-expectation for the results.  These disadvantages 
all indicate a need for consistent modelling methodology. 
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Recognition of the need for standard methodology in groundwater modelling 
approaches has led to the development of relevant guidelines (Walton, 1992).  The 
American states of California, Connecticut, and Massachusetts as well as the 
American Society for Testing and Materials (ASTM) are developing or have 
developed draft standards and guidelines relating to groundwater modelling.  While 
these standards are written for numerical groundwater flow models, the modelling 
methodology applies equally well to analytical models, fracture flow models, solute 
transport models, or multi-phase models.  More recently, Australian guidelines have 
been produced for groundwater modelling and auditing thereof (Murray-Darling 
Basin Commission, 2000). 
Relevant ASTM standards (see References) cover topics including: developing 
conceptual models (ASTM E1689-95), code evaluation, comparison of results with 
site-specific information (ASTM D5490-93), boundary conditions (ASTM D5609-
94), initial conditions (ASTM D5610-94), sensitivity analysis (ASTM D5611-94), 
model calibration (ASTM D5981-96), and documentation (ASTM D5718-95). 
D5447-93 is a key guideline, outlining modelling methodology, which includes the 
following steps: 
• development of a conceptual groundwater flow model 
• setting model criteria 
• model selection 
• history matching 
• calibration 
• validation 
• and predictive modelling. 
Many of these steps are recursive, i.e. they may be repeated depending upon the 
results of subsequent steps. 
Voss (1998), the author of the SUTRA groundwater computer model (Voss, 1985), 
suggested prudence in the use of computer groundwater models in developing 
predictive scenarios.  Rather than being a means of introducing increasing 
complexity to a problem, the strength of computer models lie in the robustness of the 
underlying constraining equations. 
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“Benchmarking” is a more appropriate term than history matching for the heuristic 
checking of numerical models against either other numerical models, analytical 
models or laboratory results (Simpson and Clement, 2003). A classic benchmark 
problem is the Henry solution to formation of a saltwater wedge (Henry, 1964).  This 
solution is widely used to check the correctness of density-dependent numerical 
models (e.g. Huyakorn and Taylor, 1977).  However, while successful numerical 
simulation of the Henry solution is less dependent on dispersion than on advection, 
the Elder solution (Elder, 1967) is more dependent upon the correct coupling of 
advection and dispersion (Simpson and Clement, 2003).  As a result, the Elder 
solution simulates the downward fingering of hypersaline surface water overlying 
less dense groundwater. 
While complex models can be more useful than simple models, the additional 
complexity is often unnecessary and wasteful of computational effort.  For example, 
a three-dimensional analysis may be “overkill” in modelling vertically downward 
unsaturated flow.  Such a flow system might adequately modelled by a one-
dimensional numerical model or even an analytical equation if a steady-state 
condition is assumed. 
Therefore, the solutions provided by groundwater models have a degree of 
uncertainty, dependant on their method of application.  Rather than superseding other 
investigation techniques, models are an additional method for the hydrogeologist’s 
“toolbox”. 
Groundwater flow models in coastal settings 
A summary of the basic features of numerical models used in coastal and island 
aquifer settings (Reilly and Goodman, 1985; Underwood et al., 1992) shows the 
increasing complexity of models developed and employed between 1972 and 1990.  
Generally, steady-state finite-difference methods (FDMs) employing the Dupuit 
assumption (e.g. Fetter, 1972) and sharp interfaces have progressed to transient 
finite-element methods (FEMs) capable of simulating density-dependent flow (e.g. 
Voss, 1985), solute dispersion, multiple phases and complex aquifer geometry. 
An application of FEM is in the simulation of density-dependent groundwater flow.  
Various authors have used to FEM models to simulate circulation cells associated 
with density gradients (e.g. Simmons and Narayan, 1997; Rogers and Dreiss, 1995a; 
Rogers and Dreiss, 1995b). 
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Associated with a change to a solute transport approach to hydrogeological 
assessment, increased complexity of the governing equations is related to increased 
numerical instability and dispersion (Reilly and Goodman, 1985).  Techniques such 
as Hermite interpolation (e.g. Smith, 1977) have allowed reduction in numerical 
dispersion. 
Due to computational difficulties in extending the principles of FEM to 3-D models 
(Huyakorn et al., 1986; Huyakorn et al., 1987), FEM is commonly applied to 
analysis of either vertical sections or one horizontal layer (e.g. Pinder and Page, 
1977).  Vertical sectional analysis may be suitable for longitudinal groundwater 
seepage to elongate coastal lagoons, e.g. Indian River Lagoon (Pandit and El-
Khazen, 1990; Pandit et al., 1991), where there is uniform aquifer geometry normal 
to the coastline and shorelines.  Vertical sections of radial flow to closed basins can 
also be modelled with later application of scalar corrections (Rogers and Dreiss, 
1995a; Rogers and Dreiss, 1995b). 
Other types of numerical flow models are useful in certain settings.  Analytic 
element models are useful in setting such as the Dutch polders with artificial 
groundwater level control (e.g. Olsthoorn, 1999).  Artificial neural networks (ANNs) 
are being used increasingly in geology and water resource assessments.  The purpose 
of ANNs is to provide evaluations of non-linear processes that are less deterministic 
than numerical models.  Being based on the correct reproduction of output data, they 
avoid the necessity for full description of the geologic setting (e.g. Kalf, 2002; Parkin 
et al., 2001).  Examples of their applications are interpretation of downhole 
geophysical logs, groundwater-stream interaction (e.g. Parkin et al., 2001), and 
groundwater level response (e.g. Kalf, 2002). 
Hydrogeochemical and solute transport models 
There are basically two types of hydrogeochemical models; thermodynamic models 
and mass balance models (Appelo and Postma, 1994).  Historically, the fundamental 
role of such models was in calculation of saturation indices (e.g. Logan et al., 1999), 
but increasingly hydrogeochemical models assist in interpreting major ion and 
isotope concentrations with respect to evolution pathways and processes. Typical 
applications of hydrogeochemical models in shallow coastal groundwater consider 
ion exchange and dissolution and precipitation of gypsum and calcite. 
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The PHREEQE (Parkhurst et al., 1980) hydrogeochemical model takes a 
thermodynamic approach and incorporates mixing, reaction, and phase reactions.  
Based on Newton-Raphson iteration, the model is not particularly robust and relies 
upon the input of reasonably accurate chemical data. 
Mass balance models such as NETPATH (Plummer et al., 1994) are more robust, 
and are usually employed in the initial “screening” for possible reactions (e.g. 
Rosenthal et al., 1999).  This program is dedicated to the inverse modelling of 
groundwater chemical evolution pathways, whereas inverse modelling is included as 
an additional option in a modified C-based form of PHREEQE – PHREEQC 
(Parkhurst, 1995).  PHREEQC (version 2) has increased functionality including 
dispersion and time-variant cation exchange capacity (Parkhurst and Appelo, 1999). 
There are two fundamental schemes for modelling mass transport (Cederberg et al., 
1985; Yeh and Tripathi, 1989); (a) very non-linear transport equations including all 
interaction chemistry (e.g. Valocchi et al., 1981) and (b) split operator schemes (e.g. 
van Bruekelen et al., 1998).  The first scheme is computationally expensive and 
cannot be extended to 2-D or 3-D modelling. 
Van Bruekelen et al. (1998) provide a review of the application of field-scale 
hydrogeochemical transport models.  Most models investigated either: 
• artificial recharge (e.g. Grove and Wood, 1979) 
• inorganic contaminant plumes (e.g. Dance and Reardon, 1983) 
• or effluent injection in saline aquifers (e.g. Valocchi et al., 1981). 
Mixing cell models (e.g. Appelo and Postma, 1994) are generally too approximate 
for field application (Yeh and Tripathi, 1989). 
Other computer applications - groundwater databases and GIS 
Various computer applications other than numerical modelling software are of use in 
both conceptual modelling and data processing.  Visualisation of groundwater 
chemical composition (e.g. scatter diagrams, Stiff diagrams or Piper diagrams) is 
particularly useful for identifying cation exchange (Appelo and Postma, 1994). 
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SUMMARY 
This literature review has focussed on depositional, hydrogeological and 
hydrogeochemical processes relevant to the hydrogeology of estuarine plains.  
Findings from other settings, e.g. inland lagoons or larger coastal plains, are cited 
either for comparison or if processes are also relevant to estuarine plains (e.g. 
freshwater-salt water interaction).  There is extensive literature pertaining to larger 
coastal plains (regional or alluvial), primarily concerning water resource 
investigations.  Investigations of smaller estuarine plains are generally more recent 
and primarily concern investigation of environmental flows.  The problem of 
quantification of groundwater flux in such settings is exacerbated by the diffuse 
nature of both groundwater recharge and discharge. 
Important in assessment of the chemical evolution of groundwater are 
hydrogeochemical methods that have the potential to clearly discriminate between 
groundwater chemical types.  These techniques are particularly effective in coastal 
settings where various sources of salinity exist.  The combined use of salinity 
distribution and major ion chemistry is well established in determining major 
hydrogeochemical processes in coastal settings (ion exchange, oxidation/reduction 
reactions and precipitation/dissolution and weathering reactions).  To this point, 
minor ion chemistry and isotope chemistry have been utilised less and, therefore, 
interpretations are not as readily made. 
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ABSTRACT 
The Pimpama coastal plain is situated in southern Moreton Bay, in subtropical eastern 
Australia.  The plain is low-lying and tidal and is situated behind a large sand barrier 
island.  Largely due to recent (30 years) drainage networks within the floodplain, surface 
water quality has declined.  Groundwater hydrographs have enabled the determination of 
different flow systems: a deeper system responding to seasonal weather patterns and a 
shallower flow system more responsive to individual rainfall events.  Elevated 
potentiometric heads in semi-confined aquifers reflect upward movement of saline to 
hypersaline groundwaters.  However, interaction of this deeper groundwater with 
shallower groundwater and the surface drains is yet to be determined.  Recharge to the 
shallower system is by direct infiltration while recharge to the deeper system includes a 
component from landward ranges or bedrock outcrops within the plain.  Discrimination 
between groundwater bodies is possible using salinity, ionic ratios and stable isotopes.  
Features of groundwater hydrology, the distribution of salinity and variations in water 
chemistry all suggest that under current conditions infiltration has increased, plus there 
is a greater landward migration of groundwaters of marine origin. 
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RESUME 
La plaine côtière de Pimpama est située au sud de la baie de Moreton, dans le Est 
subtropical de l'Australie.  La plaine, de basse altitude, est située derrière une grande île 
formant une barrière de sable.  La qualité de l’eau de surface dans la plaine a décliné, en 
grande partie à cause des  réseaux de drainage créés, au cours des 30 dernières années.  
Les hydrogrammes des nappes phréatiques ont permis de déterminer divers  réseaux 
d’écoulement: l’une, plus profonde, répondant aux tendances climatiques saisonnières, 
tandis que l’autre, moins profonde, réagit plutôt à des précipitations isolées.  Des 
niveaux potentiométriques élevés dans les aquifères semi-captifs reflètent la montée des 
eaux souterraines salines vers les eaux hyperhalines.  Cependant, il reste encore à établir 
l’interaction de cette nappe phréatique avec la nappe moins profonde et les réseaux de 
drainage de surface.  La nappe de surface est rechargée par infiltration directe alors que 
la nappe plus profonde est alimentée par infiltration dans les chaînes de montagnes de 
l’intérieur ou par affleurements de fondement dans la plaine.  La distinction entre les 
différentes nappes peut être réalisée en calculant la salinité, le rapport ionique et les 
isotopes stables.  Certains aspects hydrologiques, ainsi que la répartition de la salinité et 
les variations de l’analyse chimique de l'eau indiquent, dans les conditions actuelles, non 
seulement un accroissement de l’infiltration mais aussi une migration des eaux de 
surface d’origine marine vers l’ouest de la plaine. 
Key words  Coastal plain stratigraphy; groundwater hypersalinity; density-controlled 
flow; evapotranspiration. 
INTRODUCTION 
It is a common practice in inhabited low-lying coastal areas worldwide to construct 
drainage channels and tidal gates as means of flood mitigation and increasing land area.  
A result of such modifications is that shallow groundwater levels in such areas can be 
effectively lowered to sea level or below.  There can, however, be problems associated 
with drainage works that affect coastal waterways such as increased acidification where 
pyritic sediments exist and metal export from shallow groundwaters to surface waters.  
Landuse changes can also affect coastal plain hydrology and typically consist of some 
form of agriculture with varying tillage frequency, conversion of wetlands to agricultural 
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use, or conversion from agricultural to industrial or residential use.  The type and degree 
of impact from such landuse changes vary, but for sustainable use of such coastal areas, 
effective management of groundwater levels by consideration of drainage network 
options is necessary. 
In coastal floodplains, a wide range of groundwater salinities with variable distribution 
can occur as a result of both recent and relict salinity.  As movement of groundwater 
tends to occur over extended timeframes and is not solely a function of current physical 
settings, the patterns of salinity distribution can also be affected by factors such as 
previous sea level fluctuations, subsidence and previous climates.  As a result, present or 
pre-development potentiometric levels may not fully account for salinity distribution 
(e.g. Meisler et al., 1984; Meisler, 1989).  For example, in the Upper Floridan aquifer, 
southeast USA, there is mixing of freshwater with relict saline water from a higher stand 
of sea level in past geological time (Tibbals, 1990).  Conversely, the surficial 
unconsolidated aquifers in many coastal plains have formed in very recent geological 
time, particularly within the last 10 000 years.  As a consequence, the evolution of 
groundwater in these sedimentary aquifers is a more recent feature. 
Many processes have been postulated for the formation of brines, including the leaching 
of evaporitic strata and membrane filtration (or reverse chemical osmosis).  For 
example, Graf (1982) calculated that overpressuring in sedimentary sequences is 
sufficient to overcome osmosis and allow brine formation from seawater via reverse 
osmosis.  Structural control over salinity distribution has been suggested by other 
authors (e.g. Solis, 1981; Tibbals, 1990; Tellam, 1995) and specifically, faults have been 
observed to act as conduits with high hydraulic conductivity for seawater encroachment 
(Howard & Mullings, 1996). 
In coastal plains with a wide range of salinity values and low hydraulic gradients, 
density-dependent groundwater flow is important.  Furthermore, the wide range of 
sediment permeabilities that occur in these settings may result in the incomplete flushing 
of relict salinity.  As a consequence, groundwater flow directions are not simply a 
function of freshwater hydraulic heads, and because of heterogeneity and dispersion, the 
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relation between saltwater and freshwater are not adequately described by a classic 
“seawater wedge”. 
Due to the complex hydrology of such coastal systems, a preliminary step in clarifying 
groundwater flow processes and the interaction of groundwater with surface waters 
involves the interpretation of the chemical evolution of groundwater.  This is particularly 
the case for a coastal plain formed of various sequences of unconsolidated sediments 
reflecting sea level variations and different depositional settings.  This paper presents 
such an interpretation and is based on reconciling the geological framework with 
groundwater level observations, salinity patterns and the distribution of chemical types 
of water within a Quaternary age sedimentary setting. 
FEATURES OF THE STUDY AREA 
Physical setting and land use 
The Pimpama coastal plain is situated in southern Moreton Bay, Queensland, between 
two large tidal rivers, the Logan to the north and the Coomera to the south (Figure 1).  
The floodplain forms the coastal strip of a larger catchment of approximately 244 km2, 
which is bounded to the west by the Darlington Range that rises to 300 m above sea 
level.  The plain itself is approximately 123 km2 and is bounded on the southern side by 
an outcropping ridge of basement rocks (Figure 2).  The majority of the plain is of 
limited relief and is mostly less than 5 m above sea level, with many parts less than 1 m 
above sea level. 
This tidal floodplain is primarily used for sugarcane production, but other land uses on 
the plain and in peripheral areas include light industry, aquaculture and residential.  Very 
limited extraction of groundwater occurs in the area and it tends to be for local domestic 
use, rather than for any large-scale irrigation.  Typically, groundwater extraction is from 
shallow wells and usually the extraction rate is less than 1 L/s.  Currently, the 
agricultural use of groundwater is limited to establishment of crops, sugarcane and 
limited livestock. 
The overall hydrologic regime is an important local issue, particularly in respect to the 
sustainability of agriculture and other development, as well as a proposed distribution of 
large volumes of treated effluent water via wetlands by the local authority. 
 91
 
Fig. 1 Location of the study area and its position in southeast Queensland in relation to 
Moreton Bay. 
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Fig. 2 Local geology, drainage features and locations of monitoring wells, surface water 
sampling sites and tidal gates. Ground surface elevations at selected wells in metres AHD 
(Australian Height Datum) indicate the low relief of the plain. The 5 m AHD contour is 
approximated by the outline of the basement rocks. Modification of the drainage system is 
evident. 
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Largely as a result of drainage networks constructed over the last 30 years to provide 
greater areas of sugarcane cultivation, environmental degradation of surface waters has 
occurred.  Contributing to this degradation is the oxidation of pyritic sediment 
commonly exposed during excavation of drains; the occurrence of pyritic sediments and 
their impacts on water quality is well-documented for the Pimpama coastal plain (e.g. 
Preda and Cox, 2000). 
Rainfall and related hydrogeological aspects 
The climate of southeast Queensland is sub-tropical and the mean annual rainfall in the 
Pimpama area is 1420 mm.  Winters are mild with episodic rainfall, and maximum 
rainfall occurs during summer and early autumn, December to April.  At this time of 
year, prevailing winds are onshore from the southeast and as a result rainfall is 
predominantly of marine character (Na-Cl type) rather than continental. 
Estimated potential evapotranspiration for the region is in the order of 820-850 mm 
(Quarantotto, 1979).  Numerical modelling of the shallow aquifer within this current 
study indicates that groundwater hydrographs can be correlated with the monthly 
effective rainfall values (Harbison, unpubl. data).  During the observation period (1999-
2001), an atypical dry winter followed an exceptionally wet winter, and the average 
range of variation of water levels in 28 shallow observation wells over this period was 
0.8 m. 
Geologic framework 
The coastal plain is formed of a sequence of Quaternary age marine, estuarine and 
fluvial sediments commonly of 40 m thickness, which are underlain by a metamorphic 
Paleozoic sequence which also forms the ranges to the west.  These basement rocks have 
little potential as aquifers and tend to act as a hydrological base to the unconsolidated 
sediments.  Partly overlying the basement here is a Mesozoic age formation containing 
sandstone units which crops out in several locations.  The locations of these outcrops are 
partly controlled by faulted contacts between the Mesozoic and Paleozoic rocks, and are 
aligned northwest to southeast (Grimison, 1999).  The Mesozoic sandstones yield 
limited amounts of good quality water, with greater volumes from fractured zones (Cox 
et al., 1996). 
 94
Approximately 18 000 years BP, during the last major glacial, the bed of Moreton Bay 
was exposed and fluvial incision occurred along the present coastline (Evans et al., 
1992).  During the Holocene post-glacial marine transgression sea level rose to 
approximately 1.5 m higher than at present (at around 6 500 years BP).  The 
sedimentation history related to this rise in sea level has been divided into four phases by 
Lockhart et al. (1998) as follows, 
a) Phase one: coincident with the late lowstand approximately 17 000 years ago when 
sea level first began to rise, sediments deposited on the plain are within old river 
channels and are comprised of fluvial gravel and sand (Figure 3, units a1 and a2); 
b) Phase two: sediments were deposited during rapidly rising sea level and are 
predominantly estuarine muds with minor estuarine sands (Figure 3, unit b); 
c) Phase three: clean quartzose sands were deposited at the early period of elevated sea 
level (Figure 3, unit c); and 
d) Phase four: the final phase, represents deposition of fluvially-derived sediment from 
the Logan, Pimpama and Coomera Rivers (Figure 3, units d1 and d2). 
 
Fig. 3 Schematic cross-section of aquifer features within the coastal plain showing 
possible indicated groundwater and hydrological processes. Different materials resulting 
from sedimentation phases (a-d) as explained in the text are shown. 
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This history of Holocene infilling of the Pimpama embayment by unconsolidated 
sediments correlates with that observed in similar settings world-wide (e.g. Allen & 
Posamentier, 1993).  Locally, the position of sea level and the related depositional 
environment is of major significance in respect to the thicknesses and extent of different 
sedimentary materials, and therefore aquifer configuration and heterogeneity. 
Recent seismic refraction surveys and drilling to basement have confirmed the 
morphology of the underlying bedrock (Grimison, 1999) and the presence of an ancient 
course of the Logan River.  The thickness of the Quaternary sediments extends from 
zero at the western edge of the plain to depths of 30-50 m at the eastern shoreline.  
Shallower strata of marine origin (phase 2 and 3), have a typical thickness of 10 m 
(sands) and 15 m (silts and muds).  Lower horizons (phase 1) are predominantly 
fluvially-derived sediments deposited in an estuarine setting (O’Donnell, 1999).  The 
connection between shallow and deep unconsolidated aquifers (phase 2 and 4) is a 
function of the degree of confinement produced by low permeability layers that separate 
them.  Based on drillhole data, such semi-confining layers (phase 3) are clay-rich, and 
are most continuous in the central portion of the plain (Harbison, unpubl. data). 
Hydrologic framework 
Changes in groundwater levels measured over a 15-month period between December 
1999 and April 2001 show a correlation to rainfall distribution.  Temporal changes in 
potentiometric heads (density-corrected) for selected shallow wells (Figure 4a) indicate 
rapid groundwater level response to rainfall and minimum heads controlled by surface 
drain water levels.  Monthly averaged water levels in drains are near the low tide mark, 
indicating that the tidal gates are effective; minimum heads for shallow wells also 
approximate the low tide datum.  In contrast, deeper unconsolidated wells (Figure 4b) 
and also bedrock wells show a slow decline in heads over the same period.  Heads 
(density-corrected) in deeper wells range between 0.7 and 2.6 m AHD (Australian 
Height Datum, equivalent to Mean Sea Level).  Based on these observations, it is 
apparent that the upper marine sands and the underlying fluvially-derived deposits of the 
plain represent separate hydrological systems.  Elevated heads in deeper wells which 
intersect semi-confined aquifers reflect upwelling of these deeper saline groundwaters.  
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Recharge to the shallower system is by direct infiltration, however, recharge to this 
deeper system appears to include a component of recharge from landward ranges or 
outcrops within the plain. 
 
Fig. 4a Comparison of hydrographs of a typical drain and an adjacent shallow well with 
monthly rainfall. 
Fig. 4b Comparison of groundwater hydrographs of typical nested shallow and deeper 
wells with monthly rainfall. 
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Within the total sedimentary sequence, it is important to consider the connectivity 
between hydrogeological units.  The possibility also exists for some connection between 
the basal unconsolidated units and the Mesozoic bedrock aquifers.  Elevated (density-
corrected) potentiometric heads in the deeper sediment units may therefore be related to 
higher heads in bedrock sandstones. 
A longer monitoring period is required in order to assess any groundwater input to 
drains, but this is may be achievable based on groundwater chemical characteristics.  
Work to date shows that saline waters in drains are similar to seawater in terms of 
relative major ion composition. 
HYDROCHEMISTRY 
Distribution of chemical water types 
A common feature of groundwater bodies in coastal settings is elevated salinity.  On the 
Pimpama plain, the established network of regularly monitored groundwater wells 
provides evidence of general trends that can be compared to surface water (Table 1).  In 
order to determine the spatial aspects of salinity distribution, overland and downhole 
apparent conductivity surveys were also carried out using an electromagnetic 
measurement method (Harbison, unpubl. data).  The lateral surveys suggest unconnected 
shallow bodies of fresh groundwater in sand lenses (Figure 3).  The downhole surveys 
indicate increasing salinity with depth within the shallow marine sands, but in deeper 
sediments of the central plain, downhole logs indicate that salinity tends to be greater in 
higher permeability units.  The degree of this deeper salinity varies between saline and 
hypersaline, a trend which is confirmed by comparison with Cl- concentration of 
porewaters extracted from sediment samples. 
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Table 1 Summary of water types classified by aquifer. 
Aquifer Chemical character* Electrical 
conductivity 
(mS/cm) 
pH 
  Min. Max. Min. Max. 
Groundwater (n = 42)      
Coastal (n = 11) Fresh to hypersaline; Na-Cl (7), 
Na-Mg-Cl (3), Na-SO4-Cl (1) 
0.11 78 4.2 7.3 
Estuarine (n = 21) Fresh to hypersaline; Na-Mg-Cl (12), Na-Cl 
(3), Na-Cl-HCO3 (2), other (4) 
0.17 72 5.8 8.1 
Deeper fluvial (n = 5) Brackish to hypersaline; Na-Mg-Cl (3), Na-
Mg-Ca-Cl (2) 
9.8 67 4.9 6.5 
Bedrock (n = 5) Fresh to brackish; Na-Cl-SO4 (2), 
Na-Ca-Mg-Cl-NO3 (2), Na-Cl (1) 
0.18 1.5 5.0 7.1 
Surface water (n = 12)      
River water (n = 4) Fresh to brackish; Na-Mg-Cl-HCO3 (4) 0.46 1.6 7.3 8.5 
Drain (n = 7) Fresh to hypersaline; Na-Cl (6), 
Na-Mg-Cl-SO4 (1),  
5.3 61 6.8 8.6 
Seawater (n = 1) Saline; Na-Cl 54 8.1 
*Chemical character: salinity category, chemical type (number of samples) 
Representative groundwater chemistry results presented in Table 2 have been classified 
according to aquifer.  Shallow groundwaters are categorised as either coastal (adjacent to 
the coast) or estuarine (toward the centre of the plain); both these groundwaters range 
between fresh and hypersaline.  Deeper fluvial groundwater ranges between brackish to 
hypersaline, while bedrock groundwater is fresh. 
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Table 2 Dissolved ions and stable isotopes - groundwaters 
Sample pH EC 
mS/cm
Na K Mg Ca Sr Mn Fe Cl SO4 HCO3 H2SiO3 Ionic ratios Stable isotopes 
              Na/Cl Ca/Cl SO4/Cl Sr/Ca δ18O δ2H δ34S 
Coastal                     
JW1 5.9 0.11 15.4 1.2 2.0 0.8 0.01 0.03 3.6 24 2.4 9 9 0.64 0.033 0.100 0.013 -3.70 -16.0 -
BH55 7.3 1.0 164 9 12 7.4 0.08 0.06 1.9 242 27 26 12 0.68 0.031 0.112 0.011 - - -
BH58 7.0 50.1 10 506 366 1 580 599 8.3 0.53 12 18 690 3 017 649 44 0.56 0.032 0.161 0.014 -0.46 -1.3 -
BH56 6.9 61.4 13 676 457 1 811 698 9.6 0.57 19 24 349 3 297 527 35 0.56 0.029 0.135 0.014 +2.15 +9.3 -
BH60 6.6 77.5 18 996 559 2 510 985 12.6 1.09 1.3 35 136 5 034 485 22 0.54 0.028 0.143 0.013 +2.57 +10.8 -
Estuarine      
BH28 8.1 1.3 242 16 6.6 14.6 0.24 0.07 1.4 213 8 426 89 1.14 0.069 0.038 0.016 -3.42 -15.6 -
BH10 7.9 1.9 378 17 7.3 3.5 0.04 0.10 2.0 382 53 238 45 0.99 0.009 0.139 0.011 - - +13.7
BH7 7.9 2.1 396 32 23.7 24.7 0.20 0.20 2.0 261 213 487 70 1.52 0.095 0.816 0.008 -3.42 -15.2 -3.3
BH16 7.1 6.0 504 18 111 384 1.4 0.36 0.3 425 1 440 290 38 1.19 0.904 3.388 0.004 -3.40 -13.4 -15.8
BH8 6.6 15.3 2 865 38 620 95 0.67 1.37 23 4 804 1 463 793 18 0.60 0.020 0.305 0.007 -2.91 -11.7 -
BH12 7.7 16.9 3 465 147 386 147 1.7 0.24 0.2 5 238 1 872 963 38 0.66 0.028 0.357 0.012 -3.08 -14.0 -
BH13 6.9 24.4 4 895 126 702 367 4.5 0.50 0.5 7 880 1 638 886 58 0.62 0.047 0.208 0.012 -1.67 -3.9 -
BH50 7.4 31.8 6 269 205 1 025 674 6.0 1.22 22 10 190 3 445 771 53 0.62 0.066 0.338 0.009 - - +1.7
BH14 6.8 32.9 7 231 201 1 026 362 4.4 0.39 14 11 212 1 939 962 94 0.64 0.032 0.173 0.012 -2.47 -11.0 -
BH51 6.6 33.9 6 473 215 1 103 1 268 9.2 0.64 8.4 11 961 3 919 501 35 0.54 0.106 0.328 0.007 -1.86 -5.4 -
BH15 6.8 37.0 8 375 232 1 102 289 4.6 0.77 0.1 13 012 374 2 771 65 0.64 0.022 0.029 0.016 - - +38.9
BH17 7.0 45.8 10 200 321 1 259 186 5.4 0.56 12 18 170 15 1 633 66 0.56 0.010 0.001 0.029 -0.47 -1.0 -
BH19 7.2 43.0 8 812 346 1 234 372 5.7 0.58 6.3 14 891 2 540 ND 51 0.59 0.025 0.171 0.015 -1.19 -4.2 -
BH23 6.8 62.4 14 148 433 1 811 664 9.4 1.17 39 23 806 3 166 759 40 0.59 0.028 0.133 0.014 +0.15 -1.3 -
BH36 7.1 72.2 18 322 444 3 670 1 381 17 3.1 14 35 058 9 046 465 22 0.52 0.039 0.258 0.012 -0.34 -1.1 -
Deeper fluvial      
JW6 4.9 9.8 1 033 34 404 535 5.2 10.9 6.9 3 400 21.4 bld 253 0.30 0.157 0.006 0.010 -3.57 -17.6 -
JW2 5.8 15.5 1 711 46 813 1 234 9.4 19.4 85 6 533 277 153 80 0.26 0.189 0.042 0.008 -3.03 -13.3 +27.1
JW3 6.5 18.1 3 085 37 630 695 5.8 4.6 232 7 385 417 247 33 0.42 0.094 0.056 0.008 -2.47 -10.9 -
JW4 5.7 38.6 7 434 72 1 769 1 683 16.1 21 45 16 316 2 000 227 103 0.46 0.103 0.123 0.010 -1.89 -7.7 -
JW5 6.0 67.4 13 358 198 2 558 2 736 26 17.8 152 32 289 3 906 150 65 0.41 0.085 0.121 0.010 -0.48 -0.6 -
Bedrock wells      
Eggert 5.6 0.28 26.5 0.8 7.45 15.4 0.09 0.06 0.1 48.7 0.7 bld 10 0.54 0.316 0.014 0.006 -3.89 -16.8 -
Smith 5.0 1.5 272 4.3 8.2 2.6 0.03 0.6 1.7 263 182 bld 107 1.03 0.010 0.692 0.012 -3.78 -17.4 -
Seawater 8.1 53.8 11 570 428 1 442 459 7.3 0.02 0.01 20 092 2 696 143 6 0.58 0.023 0.134 0.016 SMOW SMOW SMOW
(Ionic concentrations in mg/L, isotope values in permil (‰), bld = below level of detection)
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Analysis of groundwater chemistry enables discrimination between different saline 
groundwater zones or bodies.  Important indicators of hydrochemical processes are the 
following ionic ratios, Na/Cl, Ca/Cl, SO4/Cl, Sr/Ca and Mn/Cl.  The selected chemistry 
results shown represent one groundwater sampling round conducted during a dry spring 
period (September-October 2000); the observed variations in groundwater character, 
however, cannot be correlated with seasons.  With respect to Cl concentrations, deeper 
saline groundwater was found to be K and Na deficient, Ca and Mg enriched, and 
enriched in Fe and Mn (Table 2, Figure 5) compared with seawater. 
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Fig. 5 Scatter plots of Na/Cl, Ca/Cl, SO4/Cl and Sr/Ca versus Cl for various waters. Three 
groups of shallow estuarine groundwaters (I-III) can be distinguished based on SO4/Cl 
ratios. This trend is also reflected to a lesser extent in Sr/Ca ratios. 
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It is tempting to attribute observed Na/Cl and Ca/Cl variations solely to ion exchange 
effects predicted for salinity changes (e.g. Mercado, 1985).  While Na depletion can be 
related to saline groundwater encroachment in deeper sediments, caution must be used 
when assessing Na enrichment because of the possibility of significant contributions 
from weathering of aquifer material.  Primarily due to calcite dissolution, Na enrichment 
in shallow groundwaters is accompanied by Ca enrichment rather than depletion.  This 
Ca enrichment is associated with high HCO3 concentrations relative to seawater. 
The SO4/Cl ratios have been found to be particularly useful for discrimination between 
shallow groundwater bodies which can vary greatly in SO4 content.  Generally, saline 
basal groundwaters and coastal shallow groundwaters are not significantly SO4-
enriched.  This study shows that for the estuarine groundwater samples, there are three 
distinct groups (Figure 5).  Estuarine groundwater in low permeability marine muds in 
the central plain (Group I) and also brackish basal groundwater are depleted in SO4 
relative to seawater via reduction.  Oxidised shallow estuarine groundwater samples fall 
into groups with slight SO4 enrichment (Group II) and high SO4 enrichment (Group III).  
Group III groundwaters are saturated in gypsum, while Group II groundwaters are 
slightly under-saturated.  These two groups show no clear spatial trend. 
The grouping found within shallow estuarine groundwaters based on SO4/Cl ratios is to 
a lesser extent reflected in Sr/Ca ratios.  High Sr/Ca ratios indicate the precipitation of 
gypsum within low permeability marine muds, while low Sr/Ca ratios either indicate 
dissolution of gypsum or the weathering of Ca.  Gypsum is commonly found in shallow 
excavations on the plain within which low pH waters typically occur.  A preliminary 
assessment of 34S/32S ratios in groundwater shows that isotopic fractionation of S 
correlates well with S depletion and enrichment relative to the expected seawater SO4/Cl 
ratio of 0.14.  This trend indicates that pyritization is followed by pyrite oxidation and 
gypsum precipitation, but these processes will be investigated further. 
High levels of Mn and Fe in the basal aquifer may represent the weathering of basement 
rocks.  This groundwater is highly reduced and oxygen-deficient. 
Environmental isotopes 
In order to identify sources of salinity and the processes affecting water salinity (e.g. 
evaporation, transpiration and mixing) a study into the relative amounts of stable 
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isotopes (δ2H and δ18O) in different groundwaters and surface waters was conducted.  
Samples were analysed by CSIRO (Commonwealth Scientific and Industrial Research 
Organisation) Isotope Analysis Service, Adelaide.  A salinity correction which was 
required for many of the samples was calculated by CSIRO. 
A plot of δ2H versus δ18O for selected groundwater and surface water samples indicates 
a strong linear trend (Figure 6a).  The isotopic values for fresh groundwaters are 
generally consistent with the isotopic composition of recent rainwater (International 
Atomic Energy Association data for Brisbane).  There is little deviation from the local 
evaporation line.  The high δ2H value for an outlier (sampled from surface water site 
Hotham 1 adjacent to monitoring well BH38) is attributed to a localised lowering of the 
water table at a drained site.  Generally, groundwaters of higher salinity plot towards the 
right along the local evaporation line (with a slope around 5), however, this local line is 
positioned close to the plot of SMOW (Standard Mean Ocean Water).  A δ2H versus 
δ18O plot on its own is therefore not effective in discriminating between sources of 
salinity.  As all groundwaters being considered in this study are of relatively local origin, 
their stable isotope values do not clearly distinguish between them. 
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Fig. 6a Scatter plot of δ2H versus δ18O for various waters. The displacement of the surface 
water sample denoted by [◊] is related to artificial lowering of the water table adjacent to 
the sampling site. (LMWL = local meteoric water line, LEL = local evaporation line for 
freshwater groundwater). 
Fig. 6b Scatter plot of δ2H versus Cl for various waters. The greyed area represents the 
zone of simple mixing between freshwater and seawater. The broken line represents the 
proposed evolutionary path of (A) saline and brackish shallow groundwater to (B) 
hypersaline basal groundwater (via evapotranspiration) to (C) saline and brackish 
groundwater (via mixing). 
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A plot of δ2H versus Cl for the same samples (Figure 6b) provides a clearer indication of 
trends and processes.  Most of the groundwater samples plot along a line, indicating 
simple mixing between freshwater and seawater.  The dominant processes are mixing, 
evaporation and transpiration.  Theoretically, transpiration is indicated by a 
displacement to the right of the line between freshwater and SMOW, while evaporation 
is indicated by a displacement to the left of that line.  Surface waters plot in the top left 
corner of Figure 6b, indicating low salinity and a non-kinetic evaporative enrichment of 
δ2H.  Deviation of groundwater samples above the seawater-freshwater mixing line 
(grey area) indicates evaporation, either through mixing with surface water or within the 
unsaturated zone.  The hypersaline groundwater samples plot in a line extending to the 
right of SMOW (BH23, JW5, BH36) and represent a range of coastal settings, i.e. 
shallow estuarine, deeper estuarine and shallow shoreline.  The likely types of waters 
that have evolved to produce these hypersaline groundwaters are from brackish to saline 
estuarine groundwater and seawater.  The two hypersaline groundwater samples (BH56, 
BH60) which show a combination of transpiration and evaporation were collected from 
wells located near the mouth of the tidal Pimpama River and are likely to be of seawater 
origin.  BH36 is located near a meander in the Pimpama River that was inundated by 
modern tidal flooding prior to tidal gate construction.  The shallow groundwater sampled 
from this well has a high SO4/Cl ratio that is anomalous compared with other 
hypersaline samples. 
DISCUSSION AND CONCLUSIONS 
The groundwater hydrology of this coastal plain setting cannot be characterized by 
simple fresh-saltwater dispersion zone or “interface” in which case there is a typical 
increase in salinity seaward.  Throughout much of the plain, salinity does generally 
increase with depth, but as noted there is little shallow groundwater extraction on the 
plain and virtually none from basal aquifers.  The hydrology and groundwater chemistry 
outlined above suggests that within a coastal plain such as Pimpama, different sources of 
salt can exist and the migration over time of the shoreline is important.  Salinity could be 
related to either seawater encroachment or, to previous or ongoing generation of variable 
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salinity waters back from the immediate shoreline.  These differences can be related to a 
series of hydrological processes within a short geological timeframe. 
The dominant process in the formation of hypersaline groundwater at Pimpama is 
proposed to be transpiration.  That is, hypersalinity is attributed to transpiration of saline 
or brackish water during the recent geological past, when sea level was slightly higher.  
Such transpiration of saline water, however, cannot be attributed to the extensive 
freshwater wetlands that did exist within the centre and western sections of the plain up 
to 30 years ago (Watkins, 1962).  Also, evaporation of the saline and brackish waters 
that currently occur within the drainage network is not sufficient to generate this level of 
salinity (up to 80 mS/cm) and in addition they have a different isotopic signature. 
In the recent geological past, during the mid-Holocene sea level stillstand extensive 
sections of coastal Australia were covered by mangrove forests.  Based on pollen 
analysis and radiocarbon dating of estuarine sediments of tropical northern Australia, 
Woodroffe et al. (1985) proposed extensive mangrove forests associated with the mid-
Holocene stillstand in those areas (the “big swamp” model).  Subsequent to the sea level 
stillstand, the mangrove communities have largely been succeeded by other vegetation 
types such as supratidal mudflats (e.g. Grindrod, 1985) and freshwater wetlands (e.g. 
Crowley & Gagan, 1995).  On the Pimpama plain, the maximum development of 
mangrove forests would not have been as extensive as described for northern Australia, 
but still of significance in terms of hydrological processes. 
The most recent period during which significant amounts of hypersaline water formed is 
not necessarily constrained by the Holocene sea level maximum.  In this coastal area of 
southern Moreton Bay, there have been modern changes in the extent of the barrier sand 
islands that isolate the bay from the ocean (Lockhart et al. 1998) and less well developed 
sand barriers may have provided suitable conditions for generation of more extensive 
mangrove forests.  The resulting changes in local hydrological regimes would have been 
extensive enough to produce the observed isotope values and may have occurred only 
very recently (i.e. within the last few hundred years). 
An implication for modelling of groundwater occurrence and flow within similar 
settings is that saline groundwater bodies can form at different times, can either occur as 
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the result of on-going processes or can be relict.  Because of the short geological 
timeframes involved here, the occurrence of relict saline water within these sedimentary 
sequences does not necessarily infer a static groundwater system.  A further implication 
is that if transpiration was the dominant concentrative process under previous 
conditions, vertically upward movement of groundwater toward these areas would not 
be sufficient to allow evaporative concentration to dominate. 
Based on the processes described, a reasonable model can be developed of shallow 
saline water being concentrated enough to result in a downward groundwater migration 
due to the increased density.  This maximum density is well below that which would be 
produced from groundwater that has been concentrated by evaporation.  Confirmation of 
the dynamic and variable nature of the separate groundwater systems within the coastal 
plain will require further clarification of temporal and spatial changes in salinity.  This 
preliminary investigation, however, suggests that variations in salinity are not only due 
to simple freshening by rainfall or increased salinity by seawater encroachment, but 
involve a complex mixing of water bodies of variable chemical composition and salinity, 
and other processes such as evaporation of surface water and evapotranspiration of 
groundwater. 
Acknowledgements 
The authors wish to thank Gold Coast City Council and the Australian Natural Heritage 
Trust for providing funding for this study.  Surveying was also provided by Gold Coast 
City Council. Thanks also to the Queensland Department of Natural Resources for the 
provision of rainfall and stream level data.  Discussions with Dr. Micaela Preda and 
Duncan Lockhart were helpful in understanding the relationship between geochemical 
and sedimentary processes.  The authors greatly appreciate comments by anonymous 
reviewers that improved the quality of this paper. 
REFERENCES 
Allen G.P. & Posamentier H.W. (1993) Estuary Sequence stratigraphy and facies model 
of an incised valley fill; the Gironde Estuary, France, J. Sed. Petrol. 63(3), 378-391. 
 108
Cox M.E., Hillier J., Foster L. & Ellis R. (1996) Effects of rapidly urbanising 
environment on groundwater, Brisbane, Queensland, Australia. Hydrogeology Journal 
4(1), 30-47. 
Crowley G.M. & Gagan M.K. (1995) Holocene evolution of coastal wetlands in wet-
tropical northeastern Australia. The Holocene 5(4), 385-399. 
Evans K.G., Stephens A.W. & Shorten G.G. (1992) Quaternary sequence stratigraphy of 
the Brisbane River delta, Moreton Bay, Australia. Marine Geol. 107, 61–79. 
Graf D.L. (1982) Chemical osmosis, reverse osmosis, and the origin of subsurface 
brines, Geochimica et Cosmochimica Acta 46, 1431-1448. 
Grimison A. (1999) Determination of bedrock morphology of the Pimpama coastal plain 
using the seismic refraction method. BSc (Hons) thesis, Queensland University of 
Technology, Brisbane. (unpublished). 
Grindrod J. (1985) The palynology of mangroves on a prograded shore, Princess 
Charlotte Bay, North Queensland, Australia, Journal of Biogeography 12, 323-348. 
Howard K.W.F & Mullings E. (1996) Hydrochemical analysis of groundwater-flow and 
saline incursion in the Clarendon Basin, Jamaica, Ground Water 34(5), 801-810. 
Lockhart D.A., Lang S.C. & Allen G.P. (1998) Sedimentation and coastal evolution of 
southern Moreton Bay, In: Moreton Bay and Catchment, (ed. by I.R. Tibbetts, N.J. Hall 
& W.C. Dennison), 93-106, School of Marine Sciences, The University of Queensland, 
St. Lucia, Brisbane. 
Mercado A. (1985) The use of hydrogeochemical patterns in carbonate sand and 
sandstone aquifers to identify intrusion and flushing of saline water, Ground Water 
23(5), 635-645. 
Meisler H. (1989) The occurrence and geochemistry of salty groundwater in the 
Northern Atlantic coastal plain - Regional aquifer-system analysis - Northern Atlantic 
coastal plain, U.S. Geological Survey Professional Paper 1404-D, United States 
Government Printing Office, Washington. 
 109
Meisler H., Patrick P. & Knobel L.L. (1984) Effect of eustatic sea-level changes on 
saltwater-freshwater in the Northern Atlantic coastal plain, U.S. Geological Survey 
Water-Supply Paper 2255. 
O’Donnell F. (1999) Coastal Quaternary sediment: stratigraphy, sedimentary evolution 
and geochemistry, Pimpama coastal plain, southeast Queensland. BSc (Hons) thesis, 
Queensland University of Technology, Brisbane. (unpublished). 
Preda M. & Cox M.E. (2000) Sediment-water interaction, acidity and other water quality 
parameters in a subtropical setting, Pimpama River, southeast Queensland, Environ. 
Geol. 39(3-4) 319-329. 
Quarantotto P. (1979) Hydrogeology of the Logan-Nerang Rivers Region. Geological 
Survey of Queensland, Record 30. 
Solis I.R.F. (1981) Upper Tertiary and Quaternary depositional systems, Central Coastal 
Plain, Texas - regional geology of the coastal aquifer and potential liquid-waste 
repositories, Report of Investigations No. 108, Bureau of Economic Geology, Austin, 
Texas, 89p. 
Tellam J.H. (1995) Hydrochemistry of the saline groundwaters of the Mersey Basin 
Permo-Triassic Sandstone Aquifer, UK, J. Hydrol. 165, 45-84. 
Tibbals C.H. (1990) Hydrology of the Floridan aquifer system in east-central Florida - 
Regional aquifer-system analysis - Floridan aquifer system, U.S. Geological Survey 
Professional Paper 1403-E, United States Government Printing Office, Washington. 
Watkins J.R. (1962) Pimpama Island drainage investigations, Geological Survey of 
Queensland, Record 11. 
Woodroffe C.D., Thom B.G. & Chappell J. (1985) Development of widespread 
mangrove swamps in mid-Holocene times in northern Australia, Nature, Lond. 317, 711-
7 
 110
CHAPTER 2 
PAPER 2 
EVOLUTION OF COASTAL SALINE GROUNDWATER 
DETERMINED BY HYDROGEOCHEMICAL AND 
GEOPHYSICAL ANALYSIS, SOUTHEAST QUEENSLAND, 
AUSTRALIA 
Harbison J.E., Preda M. & Cox M.E. 
Prepared for submission to Journal of Coastal Research. 
 111
Statement of original authorship 
Harbison J.E. (candidate) 
Carried out field work, analysed samples, wrote manuscript 
Preda M. (co-author) 
Provided additional data, refined interpretation and contributed to manuscript. 
Cox M.E. (co-author, supervisor) 
Designed sampling strategy, refined interpretation, and contributed to manuscript. 
 112
EVOLUTION OF COASTAL S`ALINE GROUNDWATER DETERMINED 
BY HYDROGEOCHEMICAL AND GEOPHYSICAL ANALYSIS, 
SOUTHEAST QUEENSLAND, AUSTRALIA 
Harbison J.E., Preda M., Cox M.E. 
ABSTRACT 
To develop an understanding of the highly variable hydrogeochemistry in an 
estuarine plain, this study uses a combination of geophysical logs (downhole 
apparent conductivity, gamma and magnetic susceptibility) with total ion chemical 
composition of pore waters and groundwater.  The study proposes a 
hydrogeochemical evolution of groundwater in this setting. 
The majority of the low-permeability unconsolidated sediments (estuarine and 
marine silt and mud) within the central Pimpama estuarine plain were deposited 
since the last ice age (18,000 years BP).  However, some of the sediments may be 
related to Pleistocene high stand periods. 
The chemical composition of the typical groundwater within the central plain is 
consistent with a slow outward flux of saline water of marine origin.  The mineral 
composition of the low-permeability sediments of the plain includes quartz, feldspars 
and clay minerals, and reflects depositional setting.  The distribution of minor 
components such as pyrite, gypsum and siderite suggest a non-uniform rise of 
relative sea level during the Holocene. 
Brackish to hypersaline basal groundwaters have similar chemical composition to 
seawater but can nevertheless be distinguished from seawater by their 
hydrogeochemical character.  Sulfur chemistry, for example, in conjunction with 
salinity, reflects evolution from hypersaline to saline and SO4-depleted.  These 
waters typically show SO4/Cl ratios of 0.01-0.12. 
These findings explain the pore water chemical character of low-permeability units 
within larger coastal aquifers, and enable discrimination between this water and 
younger encroaching saline to hypersaline groundwater. 
INTRODUCTION 
Estuarine plains are characterised by low topographic relief, and as a consequence, 
both surface water and groundwater are typically subject to low hydraulic gradients.  
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A result of these low gradient conditions can be the lack of a dominant groundwater 
flow direction, as well as the possibility of significant flow reversal.  Furthermore, 
the abundance of low-permeability sediments can lead to uncertainty in the relative 
importance of advection and diffusion in solute transport.  In such a setting, 
consideration of hydrogeochemical and geophysical information may assist in 
determining flow processes rather than use of groundwater hydrodynamics in 
isolation (Custodio, 1987; Appelo and Postma, 1994). 
The use of hydrogeochemistry as an interpretive tool requires a knowledge of the 
reactions that are likely to be predominant, and also knowledge of the mineral suite 
in associated aquifer material.  As groundwater composition is partly controlled by 
interaction with primary and secondary minerals within sediments, cation exchange 
and precipitation/dissolution reactions are the predominant hydrogeochemical 
controls in coastal groundwater (e.g. Martinez and Bocanegra, 2002).  Cation 
exchange effects can be identified by marked differences in alkali cation ratios and 
can be useful in discriminating between freshening and salinisation patterns (e.g. 
Mercado, 1985; Custodio, 1987; Appelo and Postma, 1994).  The importance of 
precipitation reactions can also be identified by consideration of ionic ratios and 
predicted saturation indices. 
Due to the potential for large salinity variations within coastal plains, salinity can be 
the main discriminating factor between groundwater bodies (e.g. Stuyfzand, 1986).  
Nevertheless, both the abundances and ratios of individual elements can be used to 
better define patterns of groundwater chemical evolution. 
Estuarine sediments may contain the principal sulfur-bearing minerals (e.g. pyrite, 
gypsum and jarosite), sesquioxides (e.g. goethite and hematite), and carbonate 
minerals (e.g. calcite, aragonite, dolomite and siderite).  The abundance and 
distribution of clay types within an estuary is a function of depositional setting, the 
parent material and the weathering process.  A predominance of kaolinite in 
sediments is expected in subtropical conditions (Summerfield, 1991), although 
factors considered important in clay speciation are drainage conditions (Sherman, 
1952; Mohr et al., 1972) and/or the local energy of deposition within marine settings 
(Chamley, 1989; Velde, 1992). 
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An aspect of coastal hydrogeology which is less studied is the role of low-
permeability sediments.  In low-permeability environments, the movement of solutes 
occurs over geologic time.  In coastal zones, the complete flushing of saline 
groundwater following the most recent retreat of the sea may take thousands of 
years.  As reported elsewhere (e.g. Meinardi, 1991), evidence of multiple episodes of 
seawater incursion may be preserved in the chemical signature of coastal 
groundwater. 
Where considerable salinity differences exist, examination of both salinity gradients 
and differences between and within relatively low and high permeability units 
provides an effective empiric method for determining salinity changes over geologic 
time (Harris, 1967).  Quantification of rates of flushing of solutes from low-
permeability units based on observed gradients of salinity and other chemical 
parameters have been attempted by many authors (e.g. Pucci, 1999; Remenda et al., 
1996; Konikow and Rodriguez Arévalo, 1993).  In such studies, the assumption of 
flow refraction in horizontal low-permeability sediments enables groundwater 
movement to be considered as a vertical one-dimensional process (Fetter, 1994). 
However, for such estimates to be valid for non-conservative solutes, correct 
hydrogeochemical end-member identification and sediment mineralogy must be 
considered.  Prediction is more difficult if the initial hydrogeochemistry is uncertain 
and a simple concept of hydrologic and sedimentary evolution is not suitable.  Due to 
uncertainty in initial hydrogeochemistry, theoretical models involving various 
possible hydrogeochemical end-members and chemical evolution processes are often 
postulated (e.g. Konikow and Rodriguez Arévalo, 1993; Remenda et al., 1996). 
Therefore, the salinity distribution in low-permeability units in a coastal setting can 
increase our understanding of the nature of solute transport in low-permeability 
sediments.  This approach is particularly effective if pore water salinity is initially 
equivalent to that of seawater, a solute with known chemistry.  In this paper, “pore 
water” is defined as the interstitial water sampled mainly from water-saturated 
sediments with lower permeability, while “groundwater” is sampled from drillholes 
screened in mainly higher permeability sediments.  Water deposited with marine 
sediments in an estuarine setting may be of a concentration equivalent to seawater, 
but due to concentrative and mixing processes, this may not necessarily be the case. 
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In an estuarine setting, low-permeability sediments may also play an important role 
in the water quality of overlying aquifers and in confinement of underlying aquifers.  
Evaluation of solute transport in low-permeability sediment layers is also useful in 
determination of their effectiveness in isolating both underlying and overlying 
aquifers. 
The focus of this paper is the determination of the relationship of salinity gradients 
and chemistry of groundwater within unconsolidated sediments, particularly low-
permeability sediments, to sedimentary deposition and mineralogy in a sub-tropical 
coastal plain; the Pimpama coastal plain in southeast Queensland.  The approach 
used here combines the use of several analysis tools (groundwater and pore water 
chemistry, geophysics, mineralogy, and sediment logging) in order to overcome the 
individual limitations of each. 
In a previous paper (Harbison and Cox, 2002), the general hydrogeology of the 
Pimpama coastal plain was examined and a conceptual model of groundwater 
occurrence and flow was developed.  Interpretation of groundwater chemical 
evolution processes were based on the relationship between water isotopes (δ2H and 
δ18O), hydrogeochemistry and sediment setting.  Based on the different temporal 
piezometric patterns, shallow unconfined groundwater was differentiated from 
groundwater within deeper semi-confined sediments defined as “basal” groundwater 
(Harbison and Cox, 2002). 
The current paper further investigates the relationship of groundwater salinity 
distribution and chemical composition, particularly of major ion concentrations to 
sediment setting and sedimentary evolution of the plain.  This also involves 
refinement of the sediment deposition model of Lockhart (2001) based on additional 
drilling results. 
FEATURES OF THE COASTAL PLAIN 
Physical setting 
The Pimpama coastal plain is situated on the landward side of southern Moreton Bay 
(Figure 1) and covers an area of approximately 100 km2 within a total sub-catchment 
area of approximately 244 km2.  The plain is bounded to the north, west and south by 
a low Paleozoic range rising to 300 m above sea level.  Both Mesozoic sandstone and 
Paleozoic metasediments crop out within the plain (Figure 2), typically to heights of 
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10-15 m above sea level.  Within the central and seaward parts of the plain, bedrock 
is typically intersected at depths of 30-50 m (Miller, 1982; Lockhart et al., 1998; 
Grimison, 1999; Lockhart, 2001; Harbison and Cox, 2002). 
 
Figure 1 – Location map showing main rivers and position of plain relative to 
Moreton Bay and bay islands. 
The Logan River forms the northern boundary of the plain and drains a catchment 
area of approximately 3,700 km2 largely to the west of the Paleozoic range.  Smaller 
drainage lines (Behms Creek, Sandy Creek, Pimpama River) within the Pimpama 
estuarine plain discharge to Moreton Bay, but are also interconnected via artificial 
channels.  Tidal flows within these creeks and channels are restricted by constructed 
weirs.  The non-tidal reaches of creeks in the Pimpama sub-catchment are largely 
ephemeral. 
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Figure 2 – Map of study area general geology, borehole locations, surface drainage, 
and interpreted depth to bedrock (after Grimison, 1999).  Dotted lines show the 
location of transects. 
The coastal plain is within a back barrier setting, landward of North Stradbroke 
Island and South Stradbroke Island, a prograding sand barrier.  The majority of North 
Stradbroke Island comprises mega-dune Pleistocene sand deposits.  The locations of 
these sand deposits are controlled by bedrock morphology (Laycock, 1975).  Along 
the eastern and southern margins of the island, sand ridge accretion has occurred in 
the last 600 years (Kelley and Baker, 1984); the inlet between the two barrier islands 
formed in 1898, after a series of cyclones.  These events caused increased tide and 
current conditions in southern Moreton Bay (Kelley and Baker, 1984), and impacting 
on the Pimpama plain. 
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Along the Pimpama coastal strip are rock islands and mangrove islands.  The 
mangrove islands are most numerous within the southern part of Moreton Bay, the 
predominant estuary mangrove species being the “grey” or “estuary” mangrove 
(Avicennia marina).  The mangrove islands vary in composition from flood delta 
marine sand near the bay inlet to bayhead delta fluvial sand and mud near the mouth 
of the Logan River (Lockhart et al., 1998). 
The Pimpama plain is low-lying with much of its area being less than one metre 
above sea level.  Most of the plain was regularly inundated by floodwaters prior to 
flood mitigation works in the 1970’s (Holz, 1979); the fine-grained organic-rich 
alluvial horizons covering most of the plain reflect this process.  Only rock outcrops, 
alluvial terraces, and the most seaward sand bodies were exempt from flooding 
(Peter Lehmann, local resident, pers. comm.).  Beach ridges in the coastal southern 
edge of the plain are slightly elevated (3 m above sea level).  An alluvial terrace (the 
Waterford Terrace) occurs at the northwest edge of the plain with a typical elevation 
of 3-4 m above sea level.  As a result of flood mitigation works, surface water in 
drainage channels within the plain is lowered to a base level of approximately 0.5 m 
below sea level and is generally saline.  Associated with this flood mitigation is the 
reclamation of most of the wetland areas for sugar cane production, and as a result 
only a few pockets of wetland remain.  Anecdotally, flushing of saline water from 
reclaimed mangrove swamps and establishment of agricultural land has proceeded 
faster than from adjacent reclaimed supratidal mudflats. 
Some upwelling of saline groundwater occurs in the north adjacent to levee banks 
along the Logan River as evidenced by salinization of cane fields.  Also, due to 
occasional tidal gate failure, some recent tidal inundation of cane fields has occurred.  
Shallow groundwater salinity is highly variable, however, long term changes in the 
salinity distribution of shallow groundwater are not identified. 
Sedimentary evolution and hydrogeology 
The sedimentary evolution of the plain by infilling of an estuary during the 
Quaternary is typical of other settings on the eastern Australian coastline and around 
the world (e.g. Reinson, 1977; Stephens, 1992; Allen and Posamentier, 1993).  
Coarse–grained sands and gravels occur within paleochannels and overlie bedrock.  
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These sediments were deposited in a fluvial setting during the initial phase of the rise 
of sea level (Lockhart et al., 1998). 
Generally, the history of Holocene infilling of the estuary commenced with a rapid 
rise in sea level leading to marine conditions.  Based on the classification of Roy 
(1984), for much of its geologic history, the Pimpama coastal plain was typical of a 
shallow barrier estuary.  At the seaward edge of the plain, a radiocarbon date of 
almost 14,000 years for a wood sample at 45 m depth indicates the onset of marine 
conditions after the last glacial period (Lockhart, 2001).  Radiocarbon dating of shell 
and wood fragments suggests that the majority of unconsolidated sediments in the 
upper 20 m of the plain were deposited in the last 8,000 years (Lockhart et al., 1998; 
Preda, 1999; Graham and Larsen, 2003).  In central Moreton Bay, there is evidence 
of incision of remnant unconsolidated Pleistocene deposits during the last glacial 
period and subsequent infilling with Holocene sediments (Stephens, 1992).  
Therefore, while much of the unconsolidated sediments within the Pimpama plain 
may have been deposited during the last major sea level rise, it is possible that a 
significant proportion of the unconsolidated material, both marine-derived and 
terrigenous, is preserved from the Pleistocene. 
Recent scientific interest in the mineralogy of the plain is primarily related to the 
abundance of pyritic sediments at shallow depths and the subsequent environmental 
implications.  Government agencies have carried out extensive shallow drilling for 
acid sulfate soil mapping, largely concentrated in the upper 20 m of the 
unconsolidated profile (Graham and Larsen, 2003).  However, pyritic sediments are 
not necessarily restricted to shallow depth (Preda, 1999).  In shallow sediments, the 
recent modification of hydrology in the plain has lead to the oxidation of pyrite and 
the formation of jarosite (Preda and Cox, 2004). 
Previous drilling in the area has been conducted by various groups, largely for non-
hydrologic purposes.  Industrial drilling has been carried out for coal, sand and 
gravel investigation; previous hydrogeological investigations have concentrated on 
alluvial deposits along stream valleys (Quarantotto, 1979). 
A hydrogeological study of the plain (Harbison and Cox, 2002) outlined general 
hydrogeological features.  The basement rocks have little potential as aquifers and 
tend to act as a hydrological barrier to the unconsolidated sediments.  Partly 
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overlying the basement here is a Mesozoic age formation containing sandstone units 
which crops out in several locations.  The Mesozoic sandstones yield limited 
amounts of good quality water, with greater volumes from fractured zones (Cox et 
al., 1996). 
Previous hydraulic testing of clean fine-to-medium grained sands was carried out 
during a water supply investigation of North Stradbroke Island (Laycock, 1975).  
Vertical hydraulic conductivity based on laboratory testing of drive tube samples 
provided estimates of between 0.2 and 156 m/day with an average of 9 m/day.  These 
estimates compared well with estimates based on grain-size calculations (between 6 
and 42 m/day with an average of 15 m/day).  Average porosity was 0.38 and specific 
yield was determined to be 0.22. 
Measured changes in shallow groundwater levels showed a rapid groundwater level 
response to rainfall with minimum heads controlled by surface drain water levels.  
Monthly averaged water levels in drains within the plain are near the low tide mark, 
indicating that tidal gates are effective; minimum heads for shallow wells also 
approximate the low tide datum.  In contrast, heads (density-corrected) in deeper 
wells range between 0.7 and 2.6 m AHD (Australian Height Datum, equivalent to 
Mean Sea Level).  Based on these observations, it is apparent that the upper marine 
sands and the underlying fluvially-derived deposits of the plain represent separate 
hydrological systems.  Elevated heads in deeper wells which intersect semi-confined 
aquifers reflect upwelling of these deeper saline groundwaters (Harbison and Cox, 
2002).  Recharge to the shallower system is by direct infiltration, however, recharge 
to this deeper system appears to include a component of recharge from landward 
ranges or outcrops within the plain. 
Different saline groundwater zones or bodies can be discriminated on the basis of 
groundwater chemistry (Howard and Lloyd, 1984; Stuyfzand, 1986).  Important 
indicators of hydrochemical processes are the following ionic ratios, Na/Cl, Ca/Cl, 
SO4/Cl, Sr/Ca and Mn/Cl.  With respect to Cl concentrations, deeper saline 
groundwater was found to be K- and Na-deficient, Ca- and Mg-enriched, and 
enriched in Fe and Mn compared with seawater. 
Groundwater hypersalinity is a phenomenon of this and similar coastal subtropical 
settings (e.g. Cook and Mayo, 1977; Arakel and Ridley, 1986).  Depletion in heavy 
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isotopes (typified by δ2H) relative to Cl concentration in saline subsurface water was 
attributed to transpiration by halophytic vegetation, while enrichment was attributed 
to evaporation (Harbison and Cox, 2002).  The widespread salinity and hypersalinity 
within the plain was attributed principally to transpiration, primarily due to the more 
extensive distribution of mangrove forest occurring during the interglacial highstand. 
Hypersaline groundwater within the aquifers underlying the Moreton Bay shoreline 
has also been previously reported by other authors.  Arakel and Ridley (1986) 
attributed stratified hypersaline groundwaters (up to 3 times the salinity of seawater) 
in the Brisbane coastal plain in central Moreton Bay to a combination of dominant 
evapotranspiration at groundwater discharge points and wet season flushing.  
Downward migration of hypersaline water was attributed to the typical subtropical 
variation in seasonal conditions.  Beneath the coastal deposits adjacent to northern 
Moreton Bay, groundwater occurring within paleochannels is generally saline to 
hypersaline. 
Further north along the Queensland coast, at approximate latitude 23ºS, hypersaline 
surface water in mangrove channels in the macrotidal Broad Sound coastal plain was 
attributed to runoff from adjacent supratidal mudflats (Cook and Mayo, 1977).  In 
that tropical setting, evaporation was considered to be the primary concentration 
process. 
METHODS 
Drilling 
Existing data from acid sulfate soil mapping were incorporated in the study as they 
provided sediment logs and casing screen locations within the shallow aquifer.  An 
important part of this study was drilling including push-coring to better define the 
complete sequence of unconsolidated sediments and to monitor water quality and 
hydrology of the basal aquifer.  Selection of the locations of further drilling was 
based on concurrent seismic refraction analysis of bedrock morphology (Grimison, 
1999) and the location of existing shallow monitoring drillholes.  Push-core samples 
were collected in high-impact acrylic (HIA) tubes; total core recovery was hampered 
by the resistance to load in some sediment, particularly in the landward parts of the 
plain.  Push cores were stored at 4ºC until analysed. 
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The current study is, therefore, based on six deep holes (30-45 m depth) and a 
network of thirty shallow holes to depths between 3 and 20 m.  Both silty sands and 
alluvial sandy sediments in the Pimpama plain are more poorly sorted than clean 
dune sands and, therefore, the occurrence of coarser-grained sandy sediments within 
an estuarine setting will not necessarily lead to overall hydraulic conductivity 
significant greater than is related to dune sands.  Rising head tests in shallow 
monitoring wells indicate that silty sands typically have hydraulic conductivities 
between 0.5 and 4 m/day. 
Downhole geophysics 
To define vertical salinity distribution, downhole electromagnetic induction (EMI) 
was measured in selected monitoring wells using a Geonics EM39 sonde.  Other 
downhole geophysical measurements employed included gamma log and magnetic 
susceptibility. 
Interpretation of gamma logs provided a check on the accuracy of sediment logging 
of drill cuttings and cores. 
Mineralogy 
Mineralogy of sediments was analysed in order to determine depositional setting and 
possible indications of paleo-hydrology.  Selected sediment samples were analysed 
for mineralogy via X-ray diffraction (XRD).  The XRD traces were run on samples 
of powder using a Philips PW 1050 diffractometer equipped with a cobalt anode.  
The identification and quantification of minerals was assisted by Jade (search-match 
program) and Siroquant (quantification program which expresses the mineral 
composition of the sample in percentages of dry weight).  In this study, an 
approximate phase error of at least 1% is common to most mineral phases identified; 
larger errors were recorded for phases which were present in quantities larger than 
30%. 
Groundwater chemistry 
Physico-chemical parameters (pH, EC, DO, Eh, temperature) of groundwater and 
surface waters were measured in situ during sampling using a TPS 90-FL field meter.  
The waters were also analysed for major and minor ion composition.  Cations (Na, 
K, Ca, Mg, Fe and Mn) were analysed by ion coupled plasma spectroscopy (ICP-
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OES); anions (Cl- and SO42-) were analysed by a Dionex ion chromatograph.  
Bicarbonate alkalinity was determined by acid titration. 
In order to determine the correlation of downhole EMI readings to pore water salinity 
and to complement chemical analyses of groundwater samples drawn from screened 
drillholes, pore water was extracted from push cores via either centrifugation or 1:5 
dilution with deionised water.  For estimation of bulk porosity of sediments, sub-
samples were oven-dried to constant mass at 40ºC; sediments were centrifuged at 15 
000 rpm for 3 hours at 4ºC.  Pore water samples were analysed for major and minor 
ions, but due to insufficient sample, were not analysed for alkalinity.  Cation-anion 
balances for reported pore water analyses were therefore slightly positive.  Oxidation 
of some iron-rich pore waters occurred during preparation as indicated by lowered 
pH of centrifuge extracts compared to pH of 1:5 extracts.  This oxidation and also 
reactions associated with the dilution of extracts created problems with analysis of 
cations; cation analyses for these samples will therefore not be discussed here.  
However, measured SO4 and Cl concentrations for most samples are considered to be 
representative of in situ conditions. 
RESULTS 
Sediment setting 
Two approximately east-west transects of drillholes (Figures 3a and 3b) illustrate the 
sediment setting of the coastal plain.  Bedrock morphology contours are included in 
Figure 2, showing a pattern significantly different from the current drainage pattern.  
Whereas the present-day Logan River occupies the northern extent of the plain, the 
main paleo-valley is aligned east-west in the seaward centre of the plain, meandering 
through the western part of the plain (Grimison, 1999).  Transect A-A’ (drillholes 1-
4, 11, 15, 19 and 30) approximately follows the path of the centre of the paleo-valley.  
Transect B-B’ (drillholes 5-7, 17, 18, 20 and 47) represents sediments overlying the 
southern edge of the paleo-valley. 
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Figure 3a – Schematic cross-section (B-B’) of Quaternary unconsolidated sediments 
within the Pimpama coastal plain indicating heterogeneous character, based on 
drillhole logs (after Lockhart et al., 1998; Graham and Larsen, 2003).  Broken lines 
at boreholes indicate the depth of screened casing.  Note that some holes drilled only 
for stratigraphic purposes are not screened. 
 
 
Beach
ridges 
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Figure 3b – Schematic cross-section (A-A’) of Quaternary unconsolidated sediments 
within the Pimpama coastal plain indicating heterogeneous character, based on 
drillhole logs (after Lockhart et al., 1998; Graham and Larsen, 2003).  Broken lines 
at boreholes indicate the depth of screened casing.  Note that some holes drilled only 
for stratigraphic purposes are not screened. 
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Sediment facies commonly found within the plain are listed below with their main 
features described.  Three classifications of mud are used; (a) mangrove, (b) 
lagoonal, (c) estuarine and (d) central basin, to represent deposition in (a) supratidal, 
(b) intertidal, (c) low intertidal and (d) subtidal water zones, respectively.  While the 
high organic content of mangrove mud facilitates its identification, classification 
between the latter three categories of mud is based on factors such as colour and the 
occurrence of shells, and is not as definitive.  Supratidal mud flats were not 
recognized in the core. 
Barrier sands - tidal delta sands and beach ridge sands 
Tidal delta sands and beach ridge sands occur within the upper unconsolidated 
profile and are typically fine to medium-grained.  There is an increase in the 
proportion of finer-grained sediment in these tidal delta sands with reduced elevation 
and distance from the shoreline.  While sediment setting varies greatly within tidal 
delta sands, for a typical thickness of 8 m, the upper 4 m contains relict seagrass 
horizons and the lower 4 m contains accumulations of shells common to interidal 
settings (Graham and Larsen, 2003).  Small shells (e.g. Spisula trigonella) and shell 
fragments are more common in finer-grained sands.  Within beach ridge sands, shell 
fragments occur but whole shells are rare. 
Indurated sand 
Indurated sand, containing high proportions organic matter (between 2 and 7% w/w) 
(Cox et al., 2002), and cemented by a combination of clays, organic matter and iron 
oxides, is common along the eastern Australian seaboard (e.g. Coaldrake, 1955; 
Coaldrake, 1961; Thompson, 1981; Pye, 1982; Farmer et al., 1983).  This sand is 
black to dark brown with varying grain size.  In the Pimpama area, these fine-grained 
dune sands contain two distinct extensively indurated sand layers, the lower layer 
being less contiguous.  In other parts of the southern plain, remnant indurated sand 
layers and indurated sand fragments are present beneath thin layers of deltaic 
Holocene sands.  The extent of soil profile development in coastal barrier islands has 
been suggested as a proxy age determinant (Thompson, 1981); however, in the 
Pimpama area, the age of deposition of indurated sands is unknown.  Indurated sand 
layers are likely to act as barriers to groundwater flow within sand bodies.  The best 
empiric evidence that such indurated sand layers can be barriers to groundwater flow 
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is the separation of chemically different water bodies (e.g. Reeve et al., 1985; 
Harbison, 1999). 
Mangrove mud 
Mangrove mud is distinguished from other mud by its high organic content and dark 
colour with large accumulations of molluscs (e.g. Anadara trapezia) and crab 
skeletons.  Large agglomerates of jarosite crystals formed on exposure of the 
sediment samples to the atmosphere.  Bioturbation (crabholes and mangrove roots) 
may greatly increase the hydraulic conductivity of mangrove mud. 
Lagoonal mud and muddy silts 
Lagoonal sediments comprise a range of grain sizes from mud to muddy fine sand.  
Lagoonal mud and silt is typically dark grey-green in colour, indicating reducing 
conditions.  Bands of finer light grey mud within the mud profile indicate channel 
margins.  Shells and shell fragments are common, ranging from large molluscs 
(Anadara trapezia) to smaller shell species (e.g. Inquisitor sterrhus and Nassarius 
sp.) typical of intertidal settings.  In drillholes screened in lagoonal mud, water level 
recovery typically extended beyond groundwater sampling periods, indicating very 
low hydraulic conductivities. 
Estuarine mud 
Like lagoonal mud, estuarine mud incorporates significant amounts of fine sand and 
silt.  It is distinguished from other mud by its firmness and paucity of shells and shell 
fragments.  It is formed in the low intertidal zone.  Bands of slight discoloration 
indicate previous seagrass horizons.  On exposure, profiles are mottled orange and 
yellow, and indicate occurrence of jarosite and goethite. 
Central basin mud 
Central basin mud is soft, of uniformly fine consistency, light grey, and is formed in 
the subtidal zone.  Shells and shell fragments are very rare. 
Fluvial sandy clays 
Fluvial sandy clays are stiff, and coloured mottled white to orange-brown.  They 
contain no marine shells. 
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Downhole geophysics 
Geophysical logs (EMI, gamma log and magnetic susceptibility) for 8 drillholes are 
presented in Figures 3a and 3b.  Due to destruction of the hole during the 
investigation period, no gamma log is available for borehole 17. 
Generally, increased gamma signal is related to more fine-grained material; minimal 
gamma ray activity is generated by clean sands compared to silty sands in the central 
plain.  Clay types can also be distinguished by the magnitude of the gamma signal.  
Lagoonal and estuarine mud indicates a lower signal than central basin mud.  The 
signal was generally higher in fluvial clays than in marine-derived mud. 
EMI response ranged between 0 and 800 mS/m.  Due to variable borehole diameters 
and salinity of water within drillholes, the baseline EMI values varied between holes.  
Gaps in the EMI and magnetic susceptibility logs for the shallow section of drillholes 
(drillholes 1 and 3) were due to buried iron drilling casing. 
The magnetic susceptibility signal is minimal within sand measures and greatest in 
muddy units.  The signal was generally low in seaward drillholes (3, 4, and 7).  There 
was a consistently high signal in borehole 2, and less consistent signals in drillholes 
1, 5, 6, and 17. 
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Figure 4 – Comparison of trends in downhole EMI and bulk pore water EC estimates 
(open diamonds) for drillholes 3 and 7.  Groundwater EC readings are indicated by 
solid circles.  A broken trend line indicates vertically-averaged bulk pore water EC 
estimates for Hole 3 based on 1:5 extracts. 
On the basis of good correlation between pore water salinity and downhole EMI 
(Figure 4), the contribution from clay minerals to the EMI response was considered 
to be negligible.  This can be related to the high contents of quartz and the low 
content of highly-charged clays.  Groundwater sample 3-8 was collected at a distance 
of 200 m from drilllhole 3.  While the salinity of sample 3-8 is representative of 
shallow brackish groundwater, the salinity is considerably less than is indicated for 8 
metres depth at drillhole 3 and, therefore, has not been presented for comparison with 
downhole porewater salinity and downhole EMI. 
Vertical salinity profiles for Transect A-A’ (as indicated by EMI profiles) show a 
general increase with depth.  In the seaward portion of the plain, brackish and fresh 
groundwater at shallow depth grades vertically into hypersaline groundwater in 
 
 130
paleochannels overlying weathered bedrock.  However, sediment setting also plays a 
major role in the salinity distribution.  Groundwater ranges from saline to hypersaline 
in fluvial sands, and is more saline than in vertically adjacent mud units (holes 3 and 
4).  This distribution of salinity indicates that dense hypersaline water has replaced 
saline water over several thousands of years, and migrated downward into fluvial 
deltaic sediments. 
For Transect B-B’, pore water in mud units at intermediate and shallow depth is 
more saline than in the underlying fluvial clays. 
Mineralogy 
The primary minerals determined in the unconsolidated material of the coastal plain 
include quartz and feldspars.  The main secondary minerals detected are kaolinite, 
mixed layers of smectite-rich smectite/illite and sparse illite (Table 1).  Other minor 
constituents significant in evaluating the depositional history of the plain are pyrite, 
gypsum, siderite, magnesite and calcite. 
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Table 1. Mineralogical composition (% dry weight) of sediment samples. 
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  2  -  11.7 L 75 16 6 1 nd 1 nd nd  tr nd 
  2  -  13.5 L 72 18 6 3 nd 1 nd nd  tr nd 
  2  -  13.7 L 43 42 10 4 nd nd nd nd 1 nd 
  2  -  14.8 L 67 19 8 4 nd 1 nd nd  tr nd 
  3  -  14.8 L 24 16 34 26 nd nd nd nd 1 nd 
  3  -  16.0 L 31 17 37 14 nd nd nd nd 1 nd 
  4  -    2.7 S 80 14 3 2  tr nd 1 nd nd nd 
  4  -    7.2 S 89 8 2 1 nd nd nd nd nd nd 
  4  -  13.7 S 57 16 11 10 2 1 2 nd nd tr 
  4  -  17.0 S 89 7 1 2  tr 1 1 nd nd tr 
  4  -  20.2 L 53 14 7 17 5 1 2 nd nd tr 
  4  -  22.7 L 17 22 25 32 3 1 nd nd nd tr 
  4  -  28.5 L 16 18 20 42 3 2 nd nd nd nd 
  4  -  42.5 F 45 25 12 15 3 nd nd nd nd nd 
  4  -  43.2 F 62 23 9 3 2 nd nd nd nd nd 
17  -    0.9 M 30 27 20 16 2 4 nd nd nd nd 
17  -    3.6 M 26 25 28 12 4 3 1 nd nd 1 
17  -    7.4 L 20 22 40 13 4 1 nd 1 nd 1 
17  -  10.4 L 21 16 42 14 4 1 nd 2 nd nd 
17  -  15.9 L 26 12 45 8 4 3 1 nd nd 1 
17  -  20.9 L 30 12 46 3 3 3 1 nd nd 1 
18  -    2.1 M 22 26 32 15 2 2 nd 1 nd nd 
18  -    6.9 L 19 23 42 12 2 2 nd nd nd nd 
18  -  14.2 E 46 22 19 9 2 nd nd 2 nd nd 
  5  -    1.9 S 56 17 14 9 2 nd 2 nd nd nd 
  5  -    5.0 S 28 19 43 7 2 nd 2 nd  tr nd 
  5  -    6.4 M 25 20 37 12 2 3  tr nd nd nd 
  5  -    7.5 L 45 24 22 3 1 2 1 nd nd nd 
  5  -    9.9 E 21 20 50 8  1 nd nd nd nd 
  5  -  13.0 E 25 36 34 5 2 nd  tr nd  tr nd 
  5  -  25.0 F 41 8 41 8 3 nd nd nd nd nd 
  5  -  36.0 F 30 9 50 8 3 nd nd nd nd nd 
  5  -  45.0 F 64 5 26 3 2 nd nd nd nd nd 
  5  -  60.0 F 52 5 35 6 2 nd nd nd nd nd 
20  -    1.9 S 85 6 6 3 nd  tr  tr nd nd nd 
20  -    7.4 S 88 6 5 1 nd  tr nd nd nd nd 
20  -  10.4 S 77 11 9 1 1 1 1 nd nd  tr 
20  -  16.9 L 24 13 18 41 nd 2 2 1 nd  tr 
  7  -  13.0 C 34 14 39 12 nd nd nd nd 1 nd 
  7  -  22.0 E 29 20 39 8 3 nd nd nd 1 nd 
* Smectite-dominated mixed layers of smectite / illite. 
L = lagoonal mud; S = tidal delta sands, F = fluvial material (sands and sandy clays), M = mangrove 
mud, E = estuarine mud, C = central basin mud. 
“nd” indicates non-detection, “tr” = trace 
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Pyrite is the most commonly detected minor mineral, ranging up to 4.3% of dry 
weight.  In most drillholes, there are vertical trends in pyrite distribution with pyrite 
persisting at depth.  Goethite was observed only as ferruginous nodules (e.g. 
borehole 5, 15 m depth).  Siderite was found at some locations and, although present 
with pyrite, it is unlikely that it formed at the same time (Berner, 1971).  There is 
limited detection of magnesite in central basin mud and estuarine mud. 
Some of the tidal delta sands and lagoonal mud contain gypsum, which may have 
formed through either evaporation of marine salts or pyrite oxidation.  In borehole 
17, gypsum coexists with pyrite.  Siderite occurs in muds, mainly in lagoonal facies. 
Shell debris was observed in most marine sequences and therefore, it is concluded 
that the calcite detected in the sediments is exclusively of biogenic origin.  Vertical 
zonation, especially of the secondary minerals, is common in many drillholes (Table 
1). 
Groundwater and pore water chemistry 
Selected groundwater and pore water chemistry results are presented in Table 2 and 
seawater chemistry is also included for the purpose of comparison.  Ratios of 
concentrations are presented in Table 3.  Basal and shallow groundwater, and pore 
water can be discriminated on the basis of some chemical parameters, and the 
salinity of groundwater and pore water within the plain varies from fresh to 
hypersaline.  Typical pH for pore water from mud layers is in the range 6-9.  Shallow 
groundwater is slightly alkaline (pH 7-8) with the exception of acidic beach ridge 
groundwater (borehole 7, pH 5.9 at depth of 8 m).  Basal groundwater is mildly 
acidic (pH 5.5-6.5) with the exception of borehole 7 (pH 7.9 at depth of 30 m).  The 
bicarbonate concentration of groundwater is typically much higher than the 
concentration in seawater.  In pore waters, the trend of increased in acidity with 
depth is less defined but acidity generally increases to a depth of 23 m.  However, 
two deeper samples from borehole 4 at depths of 29 m and 41 m were alkaline (pH of 
7.6 and 8.2 respectively).  No basal groundwater sample was available from this 
location for comparison with pore water or with other basal groundwater.  However, 
geophysics indicates that basal groundwater in paleochannels at this location is 
hypersaline.  Basal groundwater is more saline along the path of the paleo-valley 
(Transect A-A’) than in Transect B-B’.  
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Table 2. Selected groundwater and pore water chemical analyses (mg/L). 
Borehole-
depth 
sampled (m) 
EC
 (m
S/
cm
) 
pH
 
N
a 
C
a 
M
g K
 
Fe
 
M
n 
C
l 
SO
4 
H
C
O
3 
Transect A-A’           
15-5 28.5 7.1 5 280 222 780 190 4.0 0.94 9 260 280 2710 
1-3 6.3 7.2 950 420 160 32 0.88 0.27 690 2 430 339 
1-27 38.6 5.7 7 430 1 680 1 770 72 45 21 16 320 2 000 227 
2-11 (P)  6.9 3 060 575 780 220 ND 0.24 3 180 6 410 na 
2-14 (P)  7.2 2 560 400 480 140 ND 0.72 2 780 4 620 na 
2-37 71.1 6.2 12 420 2 340 2 560 210 152 17 27 450 3 210 128 
3-8 2.3 7.8 390 25 27 34 0.96 0.22 350 195 469 
3-9(P) 25.7 8.6 6 080 33 66 220 27 0.10 5 250 3 360 na 
3-12 (P) 42.8 6.5 9 660 87 190 330 354 2.2 12 320 3 660 na 
3-22 (P) 90.0 6.9 26 970 320 870 800 27 3.2 39 530 6 190 na 
19-9 43.0 7.2 8 810 370 1 230 350 6.3 0.58 14 890 2 540 1 390 
4-13 (P) 26.6 8.3 4 710 na na na na na 6 310 2 940 na 
4-17 (P) 41.5 8.2 7 430 na na na na na 9 810 4 150 na 
4-29 (P) 85.6 7.6 19 800 na na na na na 24 900 20 140 na 
4-41 (P) 56.4 8.2 12 840 na na na na na 18 280 3 910 na 
Transect B-B’           
17-19 40.2 6.9 9 000 235 1 100 390 0.07 0.89 17 230 55 1 570 
18-14 49.8 6.6 9 480 280 1 180 290 7.2 0.16 19 160 270 974 
5-10 35.5 7.0 6 700 340 940 220 20 0.44 11 390 1 930 934 
5-38 18.1 6.5 3 085 695 630 37 232 4.6 7 380 420 247 
6-13 (P)  5.7 1 765 690 440 165 1.7 ND 2 640 4 060 na 
6-16 (P)  6.2 1 230 640 320 100 1.0 ND 1 910 3 680 na 
6-18 (P)  6.6 6 870 690 1 740 330 ND 1.93 10 880 9 600 na 
6-23 (P)  5.9 1 900 680 570 54 ND 16 7 540 90 na 
6-34 15.5 5.5 1 760 1 105 760 46 85 19 6 640 280 170 
47-7 34.8 7.5 6 540 440 1 120 340 25 0.71 10 940 2 990 723 
7-8 0.1 5.9 15 0.8 2.0 1.2 3.6 0.03 24 2.4 8 
7-13 (P) 16.1 6.6 2 950 300 290 81 1.3 6.1 4 880 1 140 na 
7-16 (P) 22.9 6.2 3 950 720 590 96 32 16 7 010 890 na 
7-21 (P) 15.1 6.2 1 640 520 370 82 1.04 9.4 4 560 85 na 
7-30 9.8 7.9 1 030 540 400 34 6.9 10.9 3 400 21 0 
Seawater 50 8.2 10 500 400 1 350 380 0.01 0.002 19 000 2 700 142 
ND = not detected. 
“na”indicates no analysis. 
“(P)” denotes a pore water sample, all other samples are groundwater. 
Groundwater samples drawn from the same location but from different depths are from separate 
nested bores 
Concentrations of SO4 and also SO4/Cl ratios are highly variable.  Generally, 
enrichment of SO4 relative to seawater is associated with shallow groundwater, and 
depletion occurs in basal groundwater. 
Concentrations of metals (Mn and Fe) are consistently high in basal groundwater but 
are highly variable in other groundwater samples.  Metal concentration trends within 
mud units are not consistent. 
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Table 3. Ratios of major ion concentrations for selected groundwater and pore water 
chemical analyses (mg/L). 
Borehole-depth 
sampled (m) 
Deposition 
Setting 
Na/Cl Ca/Cl Mg/Cl K/Cl SO4 /Cl HCO3 /Cl 
Transect A-A’        
15-5 L 0.57 0.024 0.084 0.021 0.030 0.293 
1-3 S 1.38 0.609 0.232 0.046 3.522 0.491 
1-27 F 0.46 0.103 0.108 0.004 0.123 0.014 
2-11 (P) L 0.96 0.181 0.245 0.069 2.016 na 
2-14 (P) L 0.92 0.144 0.173 0.050 1.662 na 
2-37 F 0.45 0.085 0.093 0.008 0.117 0.005 
3-8 S 1.11 0.071 0.077 0.097 0.557 1.340 
3-9(P) L 1.16 0.006 0.013 0.042 0.640 na 
3-12 (P) M 0.78 0.007 0.015 0.027 0.297 na 
3-22 (P) F 0.68 0.008 0.022 0.020 0.157 na 
19-9 E 0.59 0.025 0.083 0.024 0.171 0.093 
4-13 (P) M 0.75 na na na 0.466 na 
4-17 (P) S 0.76 na na na 0.423 na 
4-29 (P) L 0.80 na na na 0.809 na 
4-41 (P) F 0.70 na na na 0.214 na 
Transect B-B’        
17-19 L 0.52 0.014 0.064 0.023 0.003 0.091 
18-14 E 0.49 0.015 0.062 0.015 0.014 0.051 
5-10 L 0.59 0.030 0.083 0.019 0.169 0.082 
5-38 F 0.42 0.094 0.085 0.005 0.057 0.033 
6-13 (P) L 0.67 0.261 0.167 0.063 1.538 na 
6-16 (P) L 0.64 0.335 0.168 0.052 1.927 na 
6-18 (P) L 0.63 0.063 0.160 0.030 0.882 na 
6-23 (P) F 0.25 0.090 0.076 0.007 0.012 na 
6-34 F 0.27 0.166 0.114 0.007 0.042 0.026 
47-7 E 0.60 0.040 0.102 0.031 0.273 0.066 
7-8 S 0.63 0.033 0.083 0.050 0.100 0.333 
7-13 (P) C 0.60 0.061 0.059 0.017 0.234 na 
7-16 (P) C 0.56 0.103 0.084 0.014 0.127 na 
7-21 (P) C 0.36 0.114 0.081 0.018 0.019 na 
7-30 F 0.30 0.159 0.118 0.010 0.006 ND 
Seawater  0.55 0.021 0.071 0.020 0.142 0.007 
ND = not detected, “na”indicates no analysis, “(P)” denotes a pore water sample, all other samples are 
groundwater. 
Groundwater samples drawn from the same location but from different depths are from separate 
nested bores. 
L = lagoonal mud; S = tidal delta sands, F = fluvial material (sands and sandy clays), M = mangrove 
mud, E = estuarine mud, C = central basin mud. 
The PHREEQC (version 2) hydrogeochemical program (Parkhurst and Appelo, 
1999) was used to calculate mineral saturation indices for groundwater samples 
(Table 4).  Positive saturation indices indicate oversaturation with respect to a 
particular mineral while negative values indicate undersaturation. 
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Many samples are saline with associated reduced ionic activity and saturation indices 
are therefore slightly overestimated where mineral saturation occurs.  However, 
estimated undersaturation in a saline sample suggests that the solution is 
undersaturated with respect to a particular mineral. 
Table 4. Saturation indices of minerals in selected groundwater samples. 
   Saturation indices 
Borehole-depth 
sampled (m) 
Deposition 
Setting 
Ionic strength Calcite Dolomite Siderite Gypsum 
Transect A-A’       
15-5 L 0.34 0.77 2.43 0.97 -1.68 
1-3 S 0.09 0.33 0.52 -0.11 -0.14 
1-27 F 0.64 -0.92 -1.46 -0.33 -0.19 
2-37 F 0.98 -0.66 -0.97 0.28 0.04 
3-8 S 0.02 0.16 0.65 0.82 -1.95 
19-9 E 0.55 0.70 2.25 1.01 -0.66 
Transect B-B’       
17-19 L 0.57 0.31 1.65 -1.17 -2.48 
18-14 E 0.62 -0.10 0.79 0.40 -1.74 
5-10 L 0.43 0.34 1.46 1.22 -0.73 
5-38 F 0.27 -0.32 -0.32 1.41 -0.94 
6-34 F 0.26 -1.27 -2.37 -0.17 -0.93 
47-7 E 0.44 0.80 2.33 1.43 -0.47 
7-8 S 0.001 -4.8 -8.8 -1.8 -4.9 
7-30 F 0.13 na na na -2.13 
L = lagoonal mud; S = tidal delta sands, F = fluvial material (sands and sandy clays), M = mangrove 
mud, E = estuarine mud, C = central basin mud. 
“na”indicates no analysis. 
 
In brackish to hypersaline groundwater, shallow groundwater is saturated with 
respect to carbonate minerals (calcite, dolomite and siderite) while basal groundwater 
is saturated with respect to siderite but unsaturated in calcite and dolomite.  The same 
samples show varying degrees of gypsum undersaturation, with groundwater 
associated with lagoonal muds (holes 17 and 18) being very undersaturated. 
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DISCUSSION 
Sediment mineralogy and downhole geophysics in relation to sediment setting 
The mineral composition of the borehole material analysed can be related to source 
rocks and also indicates trends in mineral deposition plus in situ alteration.  The main 
source of the unconsolidated material of the coastal plain is the Mesozoic 
sedimentary rocks and Paleozoic metamorphosed sandstone which crops out to the 
west.  Deeper unconsolidated sediments along this transect have high lithic content, 
indicating weathered basement as the source. 
The sandstone is feldspathic with up to 45% feldspars (mainly Na-rich phases), 40% 
quartz and highly variable amounts of muscovite (Lohe, 1980; Preda, 1999; Preda 
and Cox, 2004).  Analysis of samples from weathered sandstone outcrops revealed 
some patterns of subaerial alteration; overall, the amount of quartz and clay minerals 
increases with a decrease in feldspar occurrence (Grimison, 1999; Preda, 1999).  The 
mineralogical signature of the parent rock along with patterns of mineral change is 
also preserved in the unconsolidated material of the coastal plain. 
The presence of significant amounts of feldspars in unconsolidated sediments is 
therefore, indicative of the physical weathering of bedrock within the local Pimpama 
sub-catchment, while large amounts of clay minerals suggest chemical weathering.  
For example, poor drainage and flushing of swampy depressions can result in the 
formation of smectitic sediments rather than kaolinitic material (Sherman, 1952; 
Mohr et al., 1972).  Within a shallow marine environment, the deposition of 
smectitic material, which can be easily removed by tidal movement, is likely to occur 
only within low-energy environments (e.g. samples 4-20.2 to 4-28.5 and 20-16.9, 
Table 1).  However, kaolinite predominates in all other mud units.  Since the deeper 
sediments in borehole 4 represent the onset of the Holocene transgression, the 
predominance of kaolinite is possibly due to more rapid deposition in the mid-
Holocene.  Increased smectitic material is generally associated with the occurrence 
of pyrite. 
Temporal trends in the relative proportions of kaolinite and mixed layer clays in 
muds are consistent within boreholes but, due to varying times of deposition, 
between-borehole trends are less consistent.  Based on radiocarbon ages, the 20 m-
thick deposition of the lagoonal profile of borehole 17 has occurred in the last 5,000 
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years (Graham and Larsen, 2003).  The mineralogy of this profile, therefore, 
represents more steady deposition than in other boreholes.  A decrease in kaolinite 
with depth is associated with an increase in mixed layer clays.  This change indicates 
a transition to lower energy conditions with lagoonal infilling.  Radiocarbon dates for 
other seaward mud sequences indicate deposition prior to 7,000 years BP.  While 
dates of many profiles are not determined by radiocarbon ages, it is possible that 
some muds within the plain, particularly in borehole 7 but also in borehole 2, were 
deposited prior to the Holocene. 
Lagoonal mud is well represented at depths of 10 to 30 m; it is mostly comprised of 
clayey silts or silty clays with little quartz and feldspar, and significant pyrite 
content.   
Other types of muddy sediments can be distinguished on the basis of mineralogy 
with less than 50% quartz, 20-30% feldspars and up to 4% pyrite.  An exception is 
the central bay mud, which did not provide favourable conditions for the formation 
of significant pyrite. 
Quartz-rich sediments indicate rapid deposition, most likely associated with the 
highstand (Lockhart et al., 1998).  This is the case of the tidal delta sands and silty 
sands which contain 50-90% quartz; the main clay phase is kaolinite, with minor 
mixed layer clays and occasional pyrite (Table 1). 
The presence of siderite in association with sulfur-bearing minerals in marine-
derived mud indicates episodes of freshwater input in lagoons during the Holocene.  
Such changes in the depositional conditions could have been caused by a short-term 
sea level drop, changes in lagoon depth and areal extent, or a localised increase in 
fluvial or pluvial input.  A possible scenario for this coexistence based on temporal 
changes commences with pyritic sediment being co-deposited with saline water 
chemically similar to seawater.  Further pyritisation under reducing conditions leads 
to complete sulfate depletion and a non-sulfidic environment, allowing siderite 
formation (Berner, 1981).  Episodes of increased oxygen diffusion then allow 
oxidation of some pyrite and production of gypsum. 
EMI profiles vary across the plain.  Generally, profiles in Transect A-A’ (Figure 3b) 
indicate salinity increasing with increased depth and also increasing seaward.  
Profiles in two boreholes in particular provide an indication of overall salinity trends 
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in the plain.  In the landward borehole 17, low-permeability muds are consistently 
saline between 10 and 20 m depth and a saline gradient occurs between 10 m depth 
and the surface (Figure 3b).  In borehole 3, salinity gradually increases to be 
equivalent to seawater salinity at the base of the estuarine mud sequence at a depth of 
15 m (Figures 3b and 4).  In the underlying fluvial sands, groundwater is hypersaline.  
This trend indicates the slow flushing of equivalent to seawater from muds and the 
ingress of hypersaline groundwater into underlying fluvial sands.  It is likely that this 
downward migration of dense hypersaline water predominantly occurs in the 
seaward plain where a) intermediate-depth mud horizons are less contiguous and b) 
mangrove communities and salt marches are, and have previously been, more 
prevalent. 
Generally, profiles in Transect B-B’ (Figure 3a) indicate the downward and upward 
migration of saline water from mud horizons into fresher water bodies.  It is 
concluded that hypersaline water has migrated via paleochannels to mix with fresh 
water.  Some water may also have migrated from intermediate depth mud units. 
The magnetic susceptibility signal is highly variable between drillholes and is 
primarily attributed to the abundance of iron minerals.  Within drillholes, higher 
magnetic susceptibility is associated with fine-grained material.  Based on 
mineralogy results, sulfide minerals in lagoonal sediments (borehole 17) do not 
significantly affect magnetic susceptibility.  Likewise, the low signal is only slightly 
elevated in those fine-grained in seaward sediments likely to be intertidal to 
supratidal. 
A high magnetic susceptibility signal was recorded in the central part of the plain 
(Figure 3b).  The high signal in borehole 2 in the central plain is attributed to Fe 
hydroxides.  No significant ferruginous minerals were revealed by XRD analysis of 
core sub-samples, however, further examination of core samples indicated an 
abundance of ferruginous nodules and iron cementations on shells.  Qualitative XRD 
analysis of ferruginous nodules indicated that they are composed of quartz silt 
cemented by goethite with minor kaolinite.  The partial oxidation of marine-derived 
sediments at depths of around 10 m in the central plain and their reduced salinity 
suggest that they may be of Pleistocene age and deposited prior to the Holocene 
transgression. 
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Groundwater and pore water chemistry 
A number of chemical parameters indicate that basal and shallow groundwaters and 
pore water are chemically different.  Pore water chemistry varies with location in the 
plain.  Of these parameters, chloride and sulfate concentrations provide the best 
potential for monitoring solute transport in pore water, due to their conservative and 
semi-conservative nature respectively.  This is the case for both SO4-enriched and 
depleted pore waters. 
While basal groundwater and some pore water samples show major ion chemistry 
trends typical of cation exchange (holes 6 and 7), shallow groundwater and other 
pore water samples do not indicate depletion of either Ca or Na relative to seawater 
(Table 3, Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Scatter plots of Na/Cl and Ca/Cl versus depth in pore waters (open circles) 
and groundwaters (open circles).  Seawater is represented by a black circle. 
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Elevated acidity and sulfate in shallow groundwater related to oxidation of pyritic 
sediments is often attributed to lowering of the water table (e.g. Preda and Cox, 
2004).  However, if underlying pore waters are sulfate-rich, then upward diffusion 
may provide a significant source of sulfate to shallow aquifers without an associated 
increase in acidity.  Shallow estuarine groundwater in tidal delta sands is typically 
elevated in sulfate, but slightly alkaline (e.g. groundwater samples 1-2.6 and 3-8).  In 
beach ridge sands, without accumulations of shells, groundwater is typically acidic as 
it is not buffered (e.g. sample 7-8). 
Groundwater representing both fluvial sandy clays and lagoonal mud show SO4 
depletion, however the depletion of sulfur in lagoonal mud sediments is more 
pronounced.  These trends are best illustrated by consideration of SO4/Cl ratios 
versus SO4 concentration (Table 3, Figure 6). 
Within some highly mineralised mud units, SO4 concentrations are also high, 
however both the degree of mineralisation and the hydrogeochemistry of aquitards 
varies greatly across the plain.  In those mud measures where the degree of 
mineralisation is low (borehole 7), hydrogeochemical trends suggest a combination 
of solute transport processes, i.e. diffusion and advection. 
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Figure 6 – Graduated scatter plot of SO4/Cl versus SO4 concentrations in pore waters 
(open circles) and groundwaters (open circles).  Symbol size indicates chloride 
concentration.  Groundwater chemical evolution and mixing is indicated by arrows.  
Seawater is represented by a black circle. 
In order to better identify solute input from aquitards to shallow groundwater at 
specific locations, more detailed sampling of pore water is required.  However, 
extraction of pore water is problematic.  In order to obtain large volumes of 
consistent quality, the establishment of dedicated drillholes screened within low-
permeability units is a viable alternative. 
During Holocene infilling of the estuary, fine-grained sediments deposited in sub-
tidal and intertidal zones incorporated seawater.  Both major ion chemistry and water 
isotopes in the lower permeability units indicate that the original water composition 
was similar to seawater (Harbison and Cox, 2002).  In the intertidal zone, rapid 
mineralisation accompanied sediment deposition.  In the sub-tidal zone, the degree of 
mineralisation was low. 
In contrast, due to a combination of concentration, mixing and freshwater input, the 
chemistry of groundwater originating within mangrove mud and supratidal mud is 
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less certain.  During the Holocene sea level maximum, distribution of mangroves 
was more extensive than at present, although it is unlikely that intertidal mangrove 
forests developed to the same extent as in northern Australia (e.g. Woodroffe et al., 
1985).  At this subtropical latitude, mangrove and supratidal areas have both acted as 
sources of hypersaline groundwater, with the relative extent of supratidal areas 
increasing as sea level fell slightly.  In other parts of eastern Australia, mangrove 
communities have been succeeded by either supratidal mudflats (e.g. Grindrod, 
1985) or freshwater wetlands (e.g. Crowley and Gagan, 1995). 
Sediment mineralogy in relation to groundwater and pore water chemistry 
While the suite of major minerals and also the abundance of pyrite indicate 
depositional setting, the occurrence of other minor minerals can be related to 
subsequent hydrologic changes.  Generally, pyrite is the most ubiquitous of the 
minor minerals (Table 1). 
Where siderite and gypsum occur, these minerals are generally in association with 
pyrite but occur exclusively to each other.  The vertical distribution of pyrite and 
gypsum in Holes 4 and 5 indicates that pyrite oxidation in lagoonal mud and the 
upward migration of sulfate is the source of gypsum occurrence in overlying sands. 
The occurrence of magnesite is of particular interest.  This mineral was exclusively 
found in the absence of other carbonate minerals.  Hole 3, where magnesite was 
detected, indicated very low Ca/Cl and Mg/Cl ratios (Table 3).  Possible controls 
over magnesite formation are fluctuations in pH or salinity (Deelman, 2003).  
Dolomite was not detected in any sample, although the chemistry of some shallow 
groundwater samples suggests dolomite saturation (Table 4). 
A refined model of groundwater chemical evolution 
A model of groundwater chemical evolution in the Pimpama plain was previously 
developed (Harbison and Cox, 2002) of shallow saline water being concentrated 
enough to result in a downward groundwater migration into basal paleochannels due 
to the increased density.  Salinity is greatest at the coastal boundary along the path of 
the paleo-valley.  Therefore, a zone of diffusion between recent seawater and 
recharging fresh water is not applicable in this setting. 
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Further analysis, including inspection of groundwater physical and geophysical logs 
and porewater chemistry, has allowed refinement of this groundwater chemical 
evolution model and also refinement of the sediment deposition model.  It is likely 
that the ingress of hypersaline groundwater into paleochannels was predominantly 
from the seaward part of the plain and possibly also from the mangrove islands.  At 
the same time, entrained seawater has been partly flushed from low permeability 
mud horizons.  The extent of flushing is a function of the time of deposition of mud 
units and the salinity of adjacent sedimentary units. 
Prior to wetland reclamation in the Pimpama plain, freshwater wetlands comprised 
approximately 60% of the area of the plain and mangrove wetland comprised 
approximately 17%.  The mangrove wetlands were restricted to the mouths of the 
main rivers and creeks.  Based on sediment log evidence, the freshwater wetlands 
that existed in the ex-mangrove areas within the plain have decreased; this change is 
since the interglacial highstand and corresponds to a slight reduction in sea level.  
Mangrove muds are also identified below tidal delta sands (Figures 3a and 3b).  
Therefore, the maximum area of mangrove colonisation was at least as large as the 
combined mangrove and wetland areas.  While the area of mangrove forest has 
greatly decreased, the process of concentration of seawater via evapotranspiration in 
the extant area has been ongoing. 
CONCLUSIONS 
By considering a combination of hydrogeochemistry, mineralogy, sediment setting 
and geophysics, a conceptual model of the sedimentary evolution and paleosalinity 
of a Quaternary coastal plain has been developed.  Use of this combined suite of 
tools overcomes the limitations of each method and reduces the uncertainty of the 
final interpretation in terms of groundwater chemical evolution.  However, where the 
degree of mineralisation leads to increased groundwater aquifer interaction, the 
analysis of pore waters and interpretation in terms of solute transport are 
problematic. 
Hydrogeochemical end-members occurring in relatively low-permeability sediments 
can be differentiated on the basis of the depositional setting of the particular 
sediment.  During rising sea levels, the pore water co-deposited with mud in the 
central basin and within lagoons and estuaries; this interstitial water is generally 
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equivalent to seawater in composition.  The interpretation developed here is that 
since the last sea level maximum, hypersaline groundwater in extensive mangrove 
wetlands has migrated downward and landward via higher permeability units, i.e. 
paleochannels.  Mixing of this hypersaline water with fresher groundwater within the 
basal Quaternary profile has produced saline, reduced and iron-rich groundwater.  
Some diffusion of saline water from lower-permeability units is indicated by EMI 
logs. 
During the general rise of sea level, changes in lagoon hydrology resulted in periods 
of both hypersalinity and freshening.  The chemical composition of this groundwater 
is altered primarily by dissolution and precipitation of carbonate and sulfur-bearing 
minerals.  In intertidal and supratidal muds, concentrated marine-derived 
groundwater occurs in association with high concentrations of sulfur-bearing 
minerals. 
Reduced salinity in some low-permeability units of marine origin is indicative of a 
longer history of deposition, inferring either solute diffusion from Pleistocene aged 
sediments or a reduced rate of sea level rise during the Holocene transgression. 
The high groundwater salinity within much of the shallow aquifer system is most 
likely due to the poor flushing of the plain after higher sea levels than to either recent 
subsurface saline incursion or tidal inundation (related to the current surface water 
management regime).  Due to limited groundwater flow in the shallow aquifers, 
diffusion from the underlying low-permeability units has the potential to provide a 
significant contribution of solutes. 
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Groundwater chemistry of a shallow coastal aquifer and its relationship to 
surface water – groundwater interaction, Pimpama, southeast Queensland 
Harbison J.E. and Cox M.E. 
ABSTRACT 
In low-lying sub-tropical coastal plains, evapotranspiration is expected to comprise 
a large proportion of the total discharge of groundwater from shallow surficial 
aquifers.  However quantification of a secondary discharge process, surface water – 
groundwater interaction, by a hydrodynamic approach is problematic for a number 
of reasons. 
This paper is comprised of two parts; a) a numerical groundwater flow model of a 
shallow, sandy coastal aquifer in subtropical southeast Queensland, Australia, and 
b) examination of the relationship of hydrogeochemistry to hydrologic processes. 
During the period, estimated average effective rainfall (contributing to groundwater 
level fluctuations) was 46% of rainfall.  Due to high rates of evapotranspiration 
(principally water uptake by plants) of groundwater, net recharge during the same 
period was negligible. 
In the hydrogeochemical investigation, the areal salinity distribution in shallow 
groundwater is determined by EM31 survey and indicates fresh to brackish 
groundwater bodies within isolated sand units.  Groundwater chemistry 
distinguishes between surface water and groundwater bodies, indicates groundwater 
chemical evolution processes (including ion exchange, mineral 
precipitation/dissolution, evaporation, transpiration, and mixing) and also provides 
some indication of the relative contribution of non-tidal streams and groundwater to 
tidal streams.  At current rates of groundwater recharge, water balance modelling 
and the chemistry of groundwater waters indicates that neither saline encroachment 
nor baseflow from the shallow aquifer system to streams within the plain are 
significant. 
INTRODUCTION 
Increasing modification of both land use and drainage patterns in coastal lowlands is 
commonly associated with increasing human activity in such settings (e.g. 
deforestation, channelisation, urbanisation, extractive industries and irrigation).  A 
154 
greater understanding of hydrologic processes in coastal lowlands is necessary for 
effective management of land and water resources. 
However, realistic quantification of hydrologic processes in such settings is difficult 
due to complexities in aspects that include the hydrology of tidal waterways, aquifer 
geometry, diffuse discharge and groundwater flow paths.  Furthermore, there are 
various sources of salinity in coastal groundwater, including surface inundation by 
water of various salinities and relict salinity within low permeability sediments as 
well as shoreline encroachment. 
Generally, the occurrence of temporal flow reversal in groundwater systems 
generates uncertainty in groundwater evolution compared to more predictable 
evolution in static groundwater flow regimes (Appelo and Postma, 1994).  Studies in 
low-lying coastal settings confirm that this is particularly the case (Custodio, 1987). 
Typically, the principal recharge mechanism in shallow coastal aquifers is the 
infiltration and percolation of rainfall, therefore, in a hydrogeochemical sense a fresh 
end member can be identified.  In the simple scenario of seawater encroachment, the 
second hydrogeochemical end member is similar to seawater. Groundwater within 
the zone of dispersion is a mixture of these two end members. 
Apart from mixing, cation exchange is the dominant process accompanying seawater 
encroachment.  Many studies demonstrate that groundwater evolution trends in 
coastal aquifers, particularly due to cation exchange, may indicate either flushing out 
of saline groundwater or saline encroachment (e.g. Mercado, 1985; Appelo and 
Geirnaert, 1991; Xue et al., 1993; Vandenbohede and Lebbe, 2002). 
Numerical groundwater flow models typically employ linear transfer functions to 
simulate interaction between groundwater and surface water (e.g. Nobi and Das 
Gupta, 1997), analogous to Darcian flow within an aquifer.  While this approach may 
be adequate in many settings, Rushton and Tomlinson (1979) demonstrated that a 
combination of non-linear and linear functions might better describe the interaction.  
Such functions can be attributed a physical meaning with each component 
representing a particular sediment type.  Furthermore, the estimated baseflow to a 
stream is sensitive to estimated drain conductance, and determination of drain 
conductance from field data presents problems.  To refine a numerical model of 
surface water – groundwater interaction, Vermeulen et al. (2001) suggested code 
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modification to include an inactive intermediate river stage, within which the head 
difference is insufficient to generate aquifer recharge or discharge. 
In a previous paper (Harbison and Cox, 2002), the general hydrogeology of the 
Pimpama coastal plain was examined and a conceptual model of groundwater 
occurrence and flow was developed.  Based on the different temporal piezometric 
patterns, shallow unconfined groundwater was differentiated from groundwater 
within deeper semi-confined sediments defined as “basal” groundwater (Harbison 
and Cox, 2002).  The current paper further investigates the refining a groundwater 
flow model of a shallow coastal sandy aquifer by either, 
a) consideration of the spatial variations in groundwater chemistry (particularly 
salinity), 
b) by reconciling observed groundwater level fluctuations with stream hydrology, 
c) or by consideration of the relative contributions to tidal stream chemistry by 
seawater, coastal groundwater and fresh stream water. 
FEATURES OF THE STUDY AREA 
Physical setting 
The Pimpama coastal plain is situated at the southern end of Moreton Bay in 
southeast Queensland, Australia (Figure 1).  It is approximately 100 km2 in area, 
excluding alluvial terraces, and has a small catchment (244 km2) extending to the 
west.  Streams provide negligible baseflow during extended dry periods such that the 
tidal reaches within the plain exhibit wide variations in salinity. 
The relief of the plain is subdued, with most of the plain only slightly higher than sea 
level.  Watkins (1962) classified the landforms within the area as being alluvial 
terrace, low banks, freshwater swamp and mangrove swamp.  The alluvial terrace to 
the northwest of the plain has an elevation of 4 m above sea level.  In this study, low 
banks are referred to as tidal deltas, while seaward sand banks are referred to as 
beach ridges.  Low banks within the plain have an elevation of 2 m above sea level.  
The seaward beach ridges have a maximum elevation of 3 m above sea level.  These 
two landforms have different modes of deposition.  The tidal delta deposits typically 
contain large accumulations of shells overlain by sand containing seagrass horizons 
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and organic silt.  The beach ridges, formed by wind and wave action, contain 
comparatively little shell material and contain horizontal layers of indurated organic 
sand. 
 
 
Figure 1.  Location of the study area and its position in southeast Queensland in 
relation to Moreton Bay, showing major rivers. 
The area of arable land within the plain was greatly increased when flood mitigation 
works were carried out in the 1960’s.  The areas converted to sugar cane production 
were largely freshwater wetlands.  In this paper, the channelised streams and other 
permanently inundated channel sections within the plain are referred to as “tidal 
streams”. 
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Figure 2. Local geology, drainage features and locations of monitoring wells, surface 
water sampling sites and tidal gates. Ground surface elevations at selected wells in 
metres AHD (Australian Height Datum) indicate the low relief of the plain. The 5 m 
AHD contour is approximated by the outline of the basement rocks. Modification of 
the drainage system is evident. 
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Climate 
The climate of southeast Queensland is sub-tropical with episodic rainfall.  The 
Pimpama coastal plain has an annual rainfall of approximately 1,420 mm per year.  
The annual mean minimum and maximum temperatures are 15°C and 25°C 
respectively. 
Based on a conversion factor of 0.675 between pan evaporation and potential 
evapotranspiration (ET), Quarantotto (1979) estimated annual potential ET at 820-
850 mm.  Estimated effective annual rainfall was 600 mm (i.e. rainfall providing 
effective groundwater recharge), with the majority of the effective rain falling in the 
summer months, December to April.  At this time of year, prevailing winds are from 
the southeast and as a result rainfall chemistry is predominantly of marine rather than 
of continental character (i.e. of Na-Cl water type).  Slight deficits in effective rainfall 
occur in late winter and spring months, August to November (Quarantotto, 1979). 
However, typically pan evaporation exceeds rainfall in southeast Queensland.  More 
recent unofficial pan evaporation figures supplied by the Bureau of Meteorology 
indicate that annual pan evaporation is significantly higher than the original estimate 
(1,805 mm cf. 1,256 mm).  Based on the Quarantotto calculation, the revised 
estimate of effective annual rainfall is considerably less (212 mm). 
Surface water hydrology and chemistry 
Three main tidal streams occur within the plain (Behms Creek, Sandy Creek and 
Pimpama River) (Figure 2).  These tidal streams have been largely channelised for 
flood mitigation and other drainages have been constructed.  Due to the effect of tidal 
gates and weirs, the streams are not consistently subject to regular tidal fluctuations 
and are therefore not tidal in the strict sense.  Furthermore, interconnection of these 
streams adds to the complexity of flow patterns. 
Non-tidal streams are ephemeral and stream flow is often insufficient to prevent the 
ingress of saline water.  Consequently, salinity and also acidity in the tidal streams 
are highly variable. 
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Groundwater hydrology and chemistry 
Salinity in groundwater within the unconsolidated sediments of the plain has been 
shown to vary widely (Harbison and Cox, 2002).  Holz (1979) suggested that the 
unexpectedly high groundwater salinity was due to low hydraulic gradients and poor 
flushing rather than to recent saline incursion.  It is uncertain if long-term temporal 
changes in groundwater salinity are occurring within the shallow aquifer and whether 
such changes may be related to land use. 
Shallow groundwater in the central part of the plain is mostly under intensive sugar 
cane cropping.  Irrigation is limited and intensive irrigation only occurs from alluvial 
aquifers to the west of the plain.  During dry periods, some mostly brackish water is 
extracted from streams and dams within the plain in order to establish crops. 
Groundwater hydrographs have enabled the determination of different flow systems 
within the unconsolidated sediments of the plain: a deeper system (>20 m) 
responding to seasonal weather patterns and a shallower flow system (<20 m) more 
responsive to individual rainfall events.  Elevated potentiometric heads in semi-
confined aquifers reflect upward movement of saline to hypersaline groundwaters.  
Shallow groundwater levels measured over a 15-month period show a correlation to 
rainfall distribution with rapid groundwater level response to rainfall and minimum 
heads controlled by surface drain water levels.  In contrast, deeper unconsolidated 
wells and also bedrock wells show a slow decline in heads over the same period. 
METHODS 
Groundwater monitoring network 
At the time of monitoring, there were 30 groundwater bores screened in the shallow 
aquifer.  The use of the majority of the plain for agriculture placed limitations on the 
availability of suitable borehole locations.  As a result, many boreholes were located 
immediately adjacent to streams (see Table 1), and the interfluve areas were 
underrepresented.  Boreholes can be classified according to the landform 
classification of Watkins (1962) (Table 1). 
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Table 1.  Physical setting and dimensions of shallow boreholes (after Graham and 
Larsen, 2003). 
Bore number Screen 
interval 
(mbgl) 
Sediment type around 
screen 
Approximate 
distance from 
drainage line (m) 
Tidal delta   
BH 7 6.6 - 8.3 Muddy fine-medium sand 400 
BH 12 6.7 – 8.2 Silty fine-medium sand 350 
BH 14 9.7 – 10.7 Stiff clay 700 
BH 16 1.6 – 3.9 Muddy sand 100 
BH 19 9.1 – 10.6 Silty clay 5 
BH 21 3.7 – 5.2 Silty fine-medium sand 300 
BH 26 3.2 – 4.2 Silty fine-medium sand 300 
BH 45 6.9 – 7.5 Muddy fine-medium sand 250 
BH 53 2.9 – 3.5 Organic-stained fine sand 100 
Freshwater wetland   
BH 8 5.0 – 6.5 Clean fine-coarse sand 50 
BH 10 7.2 – 8.6 Muddy medium sand 5 
BH 13 6.7 – 8.2 Silty fine-medium sand 5 
BH 15 5.0 – 6.5 Silty clay 5 
BH 17 18.0 – 19.5 Silty clay 5 
BH 18 12.9 – 14.0 Silty clayey sand 5 
BH 28 3.4 – 4.7 Silty fine-medium sand 500 
BH 36 4.4 – 5.0 Silty fine-medium sand 300 
BH 38 2.9 – 3.5 Muddy fine sand 5 
BH 39 8.4 – 9.0 Silty clay 5 
BH 47 6.4 – 7.0 Clean fine sand 5 
BH 50 3.4 – 4.0 Muddy fine-v. coarse sand 5 
BH 51 6.5 – 7.1 Clean fine sand 5 
BH 55 4.9 – 5.5 Clean fine sand 150 
BH 56 12.9 – 13.5 Muddy fine sand 5 
BH 58 8.8 – 9.4 Silty fine-medium sand 200 
BH 60 10.3 – 10.9 Silty fine-medium sand 150 
Mangrove wetland   
BH 23 13.0 – 14.5 Silty fine-medium sand 20 
BH 24 4.5 – 6.0 Silty fine-medium sand 5 
BH 54 4.9 – 5.5 Clean fine- coarse sand 120 
Beach ridge    
JW 1 7.0 – 10.0 Clean fine-medium sand 100 
  mbgl = metres below ground level 
Between December 1999 and August 2001, groundwater levels were measured 
approximately monthly.  Less frequently, water samples were tested for physico-
chemical parameters (EC, pH, dissolved oxygen, Eh and temperature) and elemental 
chemistry (Na, K, Ca, Mg, Sr, Fe, Mn, Zn, Al, Cl, SiO2, HCO3, SO4, Br, NO3, and 
PO4).  Selected samples were also analysed for water stable isotopes (δ2H and δ18O). 
A total of 160 samples from 30 shallow bores were chemically analysed over 7 
sampling rounds.  Twenty analyses were rejected on the basis of poor ion balance 
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(>10%), largely attributed to the presence of high concentrations of organic acids in 
fresh groundwater. 
Surface water monitoring network 
Between 1998 and 2001, primarily in order to monitor the export of acidity and 
metals from tidal streams within the plain, the Queensland Department of Natural 
Resources Mines and Energy (DNRME) installed four sampling and gauging stations 
within the main streams (Ray and Gardner, 2001) (Figure 2).  Parameters monitored 
included stream stage, EC, pH, dissolved oxygen, Eh and temperature.  Automatic 
measurements of these parameters commenced at Station 1 on Hotham Creek (a non-
tidal tributary of the Pimpama River) from 1998 and commenced at the other three 
tidal stations in 2000.  Less frequently, water samples were analysed for 
concentrations of Mn, Fe, Zn, Cu, Cl, SO4, Al, N compounds and PO4 for 
approximately 100 separate samples at each of the gauging stations.  Point 
measurements of stream velocity with a Doppler-type meter were also conducted.  
Time-averaged velocities change from positive (seaward) to negative during dry 
periods, indicating streamflow reversal.  However, since there was no known 
relationship between these point measurements and average stream velocity, they are 
not considered to provide reliable quantitative estimates of average streamflow for 
stream cross-sections and, therefore, are not analysed further in this paper. 
Additional to the government monitoring, as part of this study tidal stream stage was 
surveyed and water samples for chemical analyses were collected adjacent to 5 
selected bores.  Fresh stream water was also sampled from eight non-tidal stream 
sites in the upper catchment. 
A hydrograph of stream stage in Behms Creek indicates the influence of both tides 
and rain events (Figure 3).  This hydrograph displays a cessation in tidal fluctuations 
in stream levels followed by a slow rise in water levels coinciding with and, 
therefore, controlled by increased low tides seaward of the tidal gates.  Significant 
rain events are indicated by sudden rises in stream water level. 
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Figure 3. Hydrograph of stream level for Behms Creek and tidal heights for Moreton 
Bay, illustrating tidal control over tidal gates and the effect of rain events.  Low tides 
are shown as open circles and high tides as solid circles.  Large circles represent full 
moons (stream levels data from Queensland DNRME). 
Temporal variations occur in surface water salinity, mainly related to rainfall 
patterns.  Water becomes fresh after large rainfall events, while salinity increases 
during dry periods to be equivalent to seawater.  Other changes in stream water 
chemistry are associated with decreases in salinity, as demonstrated by reduction in 
pH and increase in the SO4/Cl ratio (Figure 4).  Also significant are nutrient 
variations and of note is the relationship between N-oxides and salinity which is 
more definite than for PO4 concentrations.  N-oxides may be more closely related to 
diffuse discharge of groundwater than while PO4 concentrations may reflect surfaced 
flow to streams.  Sudden temporal changes in salinity at particular measurement 
points can be related to tidal gate failure and the effect of stream water overtopping 
weirs. 
0
1
2
3
4-Feb-00 31-Mar-00 26-May-00
Date
relative
 height (m)
163 
 
Figure 4. Scatter plots of SO4 and pH versus Cl for surface water in Behms Creek 
(Station 3), showing that both parameters are clearly related to salinity. (data from 
Queensland DNRME). 
Electromagnetic induction survey 
In order to map the areal distribution of shallow groundwater salinity, 
electromagnetic induction (EMI) was measured using a Geonics EM31 ground 
conductivity meter.  In principle, EMI response of earth materials is affected by a 
number of factors (McNeill, 1980); mineralogy of formations and solute chemistry of 
earth-borne fluids both contribute to EMI, however in the study area, groundwater 
salinity is the primary control.  The maximum EMI response to the signal from the 
EM31 is at 5 m depth within the soil profile.  Therefore, the effectiveness of this 
method depends on the depth of a shallow water table.  Generally, the water table 
was within 1 m of the ground surface over most of the area at the time of the survey. 
The majority of the survey was conducted employing a trailer-mounted sonde, 
enabling continual mapping.  Access was limited in some areas due to wet conditions 
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during the sampling period (April, 1999).  Selected areas inaccessible by vehicle 
were surveyed on foot. 
Groundwater recharge 
ET is expected to comprise a large component of total groundwater discharge.  
Where chloride concentrations in groundwater are in equilibrium, the chloride 
balance method of determining rates of recharge can be employed.  However, this 
method is not applicable to most of the coastal plain.  Most of the area has been often 
inundated by surface water, most recently during the 1974 flood.  Therefore, 
concentration of incident rainwater is not the only process controlling chloride 
concentrations.  However, in the Jacobs Well area where flood inundation is not 
likely to have occurred, the chloride balance method is considered to be applicable. 
The modal value of groundwater chloride in the Jacobs Well area indicates an 11-
fold concentration of rainwater via ET.  Therefore, groundwater recharge is an 
estimated 9% of total rainfall.  Since average annual rainfall for Jacobs Well is 
approximately 1400 mm and annual average pan evaporation at the nearest 
measurement station is 1515 mm, a pan factor of 0.84 pan evaporation generates the 
1272 mm of ET that is 91% of total annual rainfall.  The maximum ET rates for the 
transient numerical model were generated by applying a 0.84 conversion value to 
weekly pan evaporation values. 
Groundwater flow modelling 
A numerical transient flow model of the shallow aquifer was constructed in order to 
reconcile hydrologic data and observed groundwater levels using the MODFLOW 
(McDonald and Harbaugh, 1988).  Recharge to groundwater and selected aquifer 
parameters (specific yield, storativity, streambed conductances, ET parameters) were 
calibrated.  The MODFLOW program employs a simplified version of the ET 
response function proposed by Feddes et al. (1984) where the ET rate from the 
saturated zone is related linearly to groundwater level.  Since preliminary results 
indicated that model results were not sensitive to transmissivity estimates, an 
estimated aquifer transmissivity of 50 m2/day was uniformly assigned. 
Hydrodynamic and hydrogeochemical analyses indicate a degree of confinement 
between shallow groundwater and groundwater within deeper unconsolidated 
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sediments (Harbison and Cox, 2002).  Therefore, interaction of the surficial 
groundwater body with underlying semi-confined water bodies was not considered.  
However, those shallow bores screened in the low permeability muds in the landward 
part of the plain possibly also exhibit some semi-confinement (BH 17, BH 18 and 
BH 14). 
For the numerical model of the area, it has been assumed that maximum ET rates 
were uniform across the study area.  Also, variations in crop type or the reduction in 
ET associated with crop removal (harvesting) have not been considered.  However, it 
is likely that ET rates are significantly affected by groundwater salinity.  It is also 
important that the extensive sugar cane areas are likely to have higher ET rates than 
adjacent areas of pasture. 
Numerical model construction 
A one-layer numerical model of the shallow aquifer system was constructed using 
the finite difference MODFLOW groundwater flow program.  The geometry of the 
model and the location of boreholes are shown in Figure 5.  Columns of cells were 
aligned north-south and rows were aligned east-west.  Generally, cell dimensions 
were 100 m x 100 m wide and approximately 10 m thick. In order to reduce 
computational effort, larger column widths were assigned (125, 150, 175 and 200 m) 
in the western part of the study area where no monitoring bores were present. In all, 
the model grid has 150 columns and 130 rows. 
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Figure 5. Geometry of numerical model of shallow aquifer showing the complex 
arrangement of RIVER cells (grey).  Inactive cells, including bedrock outcrops 
within and to the west, are not shown while black cells are constant head cells 
representing the coastline and tidal inlets.  Grey outlines within the plain represent 
low sand banks.  Borehole locations are indicated by crossed circles. 
Coastal boundary cells were assigned constant heads of 0.3 mAHD and bedrock 
outcrop boundary cells were assigned as no flow cells.  Streams were assigned to a 
total of 1,223 RIVER cells, where discharge to streams is dependent upon both 
groundwater head and river stage.  Ten separate river reaches were assigned. 
Functions of the model included a fixed head coastline, temporal variations in head 
stream lines and recharge, and maximum ET proportional to pan evaporation data 
from the nearest synoptic weather station. 
The flow model is essentially an inverse model of aquifer parameters based upon 
measurements of groundwater level fluctuations.  Stored moisture in the unsaturated 
 
167 
zone was not modelled.  Due to uncertainty regarding steady state water levels, an 
initial steady state model of groundwater flow was not attempted.  A transient model 
was designed to include 93 weekly stress periods. 
While it is assumed that a large percentage of incident rainfall percolates to the 
shallow watertable, water uptake by plants from the saturated zone also occurs.  
Therefore, it is important to distinguish between gross recharge and net recharge in 
this setting.  Recharge rates and aquifer parameters were calibrated for 11 selected 
bores distant from streams.  Recharge rates were calibrated for selected one-week 
periods. 
Surface water - groundwater interaction study 
As part of the numerical modelling, calibrated recharge rates and aquifer parameters 
were applied to 4 bores close to gauged streams and values of streambed 
conductance were thereby calculated.  Using these parameters, a water balance for 
the plain including baseflow of groundwater to surface water was estimated. 
Shallow groundwater salinity and chemistry distribution was further assessed 
particularly in relation to the possibility of saline encroachment or aquifer 
freshening. 
RESULTS AND DISCUSSION 
Electromagnetic induction survey 
A contour map of EMI response in the coastal plain clearly indicates the salinity 
distribution in shallow groundwater (Figure 6).  The greatest response and, therefore, 
the highest groundwater salinity are in low lying wetlands areas (both mangrove 
wetlands and freshwater wetlands).  Minimal response occurred in most of the more 
elevated beach ridge and tidal delta areas (e.g. Jacobs Well and Woongoolba). 
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Figure 6.  Shaded contour map of EMI survey of Pimpama coastal plain, April 1999.  
Coordinates are UTM, Australian zone 56.  Dark shades indicate higher readings and 
are correlated with higher groundwater salinity.  Areas outside the contouring 
domain, including Mesozoic and Paleozoic rock, are blackened. 
The relationship of EMI response to groundwater salinity was investigated by 
comparison of EMI and electrical conductivity (EC) for proximal boreholes (Figure 
7).  Because boreholes are screened at various depths and salinity gradients occur 
within many vertical profiles across the plain, the regression equation comparing 
EMI values to EC values is weighted according to the distance between screen depth 
and 5 m depth – the depth of maximum EMI response. 
525000E 530000E 535000E
6925000N
6930000N
6935000N
 
< 100 
100 - 200
200 - 300 
300 - 400 
> 400 
Bedrock
Apparent EC
(mS/m) 
169 
 
 
 
 
 
 
 
 
 
Figure 7.  Scatter plot of the correlation between EMI (mS/m) and groundwater 
electrical conductivity (mS/cm).  A generalized-least-squares regression line between 
EMI and EC is weighted according to the depth of each borehole screen. 
 
Figure 8.  Scree plot of EMI (mS/m) data points indicating relative salinity 
distribution of shallow groundwater. 
Based on the EMI survey, the shallow salinity distribution within the plain is closely 
related to landform.  While salinity is higher in wetland areas than in the more 
elevated tidal delta and beach ridge areas, the indicated change in salinity between 
landforms is usually not gradational.  An exception is the low bank immediately 
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south of the Behms Creek tidal gate (on the central eastern shore), adjacent to a 
reclaimed mangrove wetland.  In this area, the gradational change from hypersaline 
to fresh groundwater suggests saline encroachment.  Another exception is evidence 
of upwelling of saline groundwater away from any stream, on the landward side of a 
levee bank near the Logan River (Victor Schwenke, Rocky Point Cane Productivity 
Board, pers. comm.).  This upwelling has caused salinisation of agricultural land. 
Based on the regression equation between EC and EMI and approximately 4,000 
EMI measurements, an indication of the range of groundwater salinity within the 
plain can be illustrated (Figure 8).  Equivalent distributions of brackish and saline 
groundwater are indicated.  At the lower limits of the regression, many of the sample 
points where brackish groundwater is indicated may in fact be fresh.  Due to survey 
accessibility, areas with hypersaline water were under-sampled. 
Surface Water and Groundwater hydrology 
During the monitoring period, the rainfall varied significantly.  A record wet winter 
in 1999 was followed by extended periods of minimal winter rainfall in 2000 and 
2001.  Consequently, the level of the shallow water table varied considerably.  While 
the water table was lowered to approximately 0.5 m below sea level in the centre of 
the plain irrespective of proximity to drains, in seaward areas the water table decline 
was considerably less.  The average variation of water levels in individual shallow 
bores over this period was 0.8 m.  Due to large variations in groundwater salinity and 
associated density, all measured water levels were corrected to freshwater heads. 
Surface Water and Groundwater Chemistry 
A possible approach to further investigate hydrologic processes in this setting is the 
use of hydrogeochemical analysis.  The hydrogeochemical approach used here to 
investigate hydrologic processes is in two parts.  Firstly, chemical parameters are 
used to distinguish between surface water bodies and shallow groundwater bodies.  
Based on physico-chemical differences, two surface water and four groundwater 
chemical types are identified (Table 2); 
• Surface water type 1 - non-tidal stream water (fresh). 
• Surface water type 2 - tidal stream water (brackish to hypersaline). 
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• Groundwater type 1 - beach ridge (fresh to brackish, EC < 2 mS/cm). 
• Groundwater type 2 – tidal delta (fresh to brackish, EC <15 mS/cm). 
• Groundwater type 3 – saline (EC = 15-50 mS/cm). 
• Groundwater type 4 – hypersaline groundwater (EC <50 mS/cm). 
Based on elemental chemical analysis, mainly major ion ratios (w/w basis), dominant 
controls over hydrogeochemical evolution in each groundwater type are proposed.  
Tidal stream water salinity varies temporally depending on rain events.  Whether 
available chemical data for surface water can indicate the source of mixing waters is 
examined.  Both Na and SO4 are semi-conservative and, therefore, are potentially 
useful tracers of solute flux.  Ratios of Na/Cl and SO4/Cl vary between water types 
(Table 2).  While HCO3/Cl ratios are high in some groundwater bodies, during the 
mixing of surface water and groundwater bodies, HCO3 concentrations are expected 
to be less predictable.  Other potential tracers of the contribution of groundwater to 
stream chemistry such as agricultural pollutants are not considered here to be as 
potentially useful due to factors such as unknown application rates and attenuation 
processes.  Metal concentrations do not show consistent trends, although Mn is more 
conservative than Fe in groundwater and in surface water.  After rain events, 
precipitation of iron oxides is observed on creek banks. 
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Table 2. Average physico-chemical parameters and selected chemical ratios for 
surface water and groundwater types. 
Water type EC 
(mS/cm) 
pH DO 
(mg/L) 
Eh 
(mV) 
Na/Cl SO4/Cl HCO3/Cl 
Non tidal stream 
water 
0.53 7.4 5.1 +240 0.59
±0.07 
0.28 
±0.23 
0.62 
±0.29 
Tidal stream water 
(brackish to 
hypersaline) 
29 7.6 5.0 +220 0.62
±0.14 
0.34 
±0.43 
0.05 
±0.09 
Groundwater type 1 
– beach ridge, fresh 
to brackish 
0.1 5.9 <0.1 +105 0.53
±0.10 
0.09 
±0.02 
0.07 
±0.09 
Groundwater type 2 
– tidal delta, fresh to 
brackish 
8.6 7.1 0.5 +140 1.2 
±0.4 
0.87 
±1.2 
1.8 
±1.9 
Groundwater type 3 
– tidal delta, saline 
37 6.9 1.8 +89 0.59
±0.07 
0.21 
±0.12 
0.09 
±0.06 
Groundwater type 4 
– tidal delta, 
hypersaline 
65 6.5 2.1 +158 0.55
±0.03 
0.17 
±0.06 
0.02 
±0.006 
Seawater 50 8.2 ~9 >+400 0.55 0.14 0.007 
The PHREEQC (version 2) hydrogeochemical program (Parkhurst and Appelo, 
1999) was used to calculate mineral saturation indices for groundwater samples 
(Table 3).  Positive saturation indices indicate oversaturation with respect to a 
particular mineral while negative values indicate undersaturation. 
Many samples are saline with associated reduced ionic activity and saturation indices 
are therefore slightly overestimated where mineral saturation occurs.  However, 
estimated undersaturation in a saline sample suggests that the solution is 
undersaturated with respect to a particular mineral. 
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Table 3. Calculated mineral saturation indices for surface water and groundwater 
types. 
Mineral Calcite Gypsum Siderite Goethite Quartz 
Non tidal stream 
water 
-0.5±0.5 -2.5±0.6 0±0.9 6.6±1.6 0.3±0.2 
Tidal stream water 
(brackish to 
hypersaline) 
-0.2±0.7 -0.8±0.2 -0.7±1.1 4.1±2.4 0.2±0.5 
Groundwater type 1 
– beach ridge, fresh 
to brackish 
-4.4±1.3 -4.5±0.3 -1.8±1.2 1.5±3.7 0.3±0.2 
Groundwater type 2 
– tidal delta, fresh to 
brackish 
-1.3±1.5 -2.6±1.2 0±1.1 4.1±2.0 0.9±0.4 
Groundwater type 3 
– tidal delta, saline 
0.4±0.5 -0.7±0.6 0.6±0.8 3.9±1.3 0.9±0.2 
±Groundwater type 4 
– tidal delta, 
hypersaline 
0.2±0.2 -0.2±0.2 0.5±0.5 3.7±0.7 0.9±0.4 
Surface water type 1 – non-tidal stream water 
The chemical characteristics of local fresh stream water, sampled upstream from 
tidal reaches, may provide an indication of local rainwater chemistry.  The chemistry 
of fresh stream water from the headwaters of the catchment is considered to represent 
the interaction of local rainwater concentrated by ET.  Due to the prevailing onshore 
winds, local rainwater reflects a marine provenance and is of Na-Cl type.  
Weathering of primary minerals, principally feldspars, may also be significant and, 
therefore, the ratios of major cations are particularly interesting and potentially 
represent the relative contributions from different feldspars.  However, the only 
significant correlation between major ions is between Na and Cl, with a mean Na/Cl 
ratio of only 0.59±0.07 (cf. 0.55 in seawater).  While these waters are generally 
undersaturated with respect to carbonate minerals, during low flow periods, HCO3 
(and also Fe and Mn) concentrations increase, which enables a degree of siderite and 
calcite saturation (see Table 3). 
Surface water type 2 – tidal stream water (brackish to hypersaline) 
The chemistry of tidal stream water varies more dynamically than for the fresh water 
sections, being the location of water mixing during rain events.  In landward 
secondary drains with low flow, both Na/Cl and SO4/Cl ratios increase with reduced 
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salinity.  In seaward drains, water is chemically more similar to seawater.  The 
average values of these two ratios for saline samples are 0.34 and 0.62 respectively, 
indicating that a non-fresh water body other than seawater is contributing to the 
chemical composition of stream water and, therefore, to streamflow. 
Groundwater type 1 – fresh to brackish groundwater, beach ridge sands (EC < 
2 mS/cm) 
Beach ridge sediments provide highly reducing conditions and fresh groundwater is 
characteristically poorly buffered, acidic and sulfidic.  As is the case for fresh surface 
water, Na/Cl ratios are similar to the seawater ratio (see Table 2).  Calculated 
saturation indices indicate that fresh groundwater within beach ridge sands is 
undersaturated with respect to all minerals (gypsum, calcite), apart from quartz (see 
Table 3). 
Groundwater type 2 – Fresh to brackish shallow estuarine groundwater (EC < 
15 mS/cm) 
These waters are highly enriched in major ions, particularly Na (Na/Cl = 1.2) and 
possibly in SO4 (SO4/Cl = 0.87±1.2), and also in silica.  Most fresh “estuarine” 
groundwater is saturated with respect to calcite and undersaturated with respect to 
gypsum. 
The high Na enrichment in some samples is of particular significance.  However, in 
this shallow estuarine setting, a number of processes other than cation exchange, 
feldspar weathering and solute transport may lead to Na enrichment.  Na ratios in 
shallow groundwater may be increased by the transport of Na-rich porewater from an 
underlying aquitard.  This same process may also lead to increased SO4 
concentrations.  Furthermore, in shallow groundwater under intensive agriculture, the 
sodium exclusion effect accompanies nutrient accumulation by crops (Salisbury and 
Ross, 1992) followed by crop removal.  A study of sugar cane sap content in the 
Pimpama plain (Kingston, 1982) indicates the following relative concentrations; 
K+ > Cl- > Mg2+ > Ca2+ ≈ Na+ > Fe2+. 
Furthermore, with increasing soil moisture salinity, bioaccumulation of K in sap is 
increased in order to exclude sodium. While sugar cane ash contains 18% of Cl and 
12% of K, it only contains 0.49% of Na (Turn et al., 1997). 
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Typical amounts of Mg, K, Ca removed from and applied to canefields in the 
Pimpama and Maryborough areas (combined averages) are presented in Table 4 
(Chapman et al., 1981).  It should be noted that these figures relate to previous 
farming methods, and since that time, biomass removal has been reduced due to 
innovations such as the return of mill wastes to fields and the reduction of crop 
burning.  Methods of fertilizer application also have changed in this time.  At 
present, approximately 50% of the crop is returned to fields (G. Kingston, pers. 
comm.). 
Table 4. Combined average agricultural inputs and outputs of nutrients in the 
Pimpama and Maryborough cane-growing areas (adapted from Chapman et al., 
1981) 
Nutrient Mean nutrient values removed 
by cane tops plus trash 
(kg/ha) 
Mean annual fertilizer 
application for years 
1977-1979 (kg/ha) 
Uptake as 
percent of that 
applied 
N 134 174 77% 
P 20 32 63% 
K 234 102 229% 
Ca 31 15  na 
Mg 36  na  na 
S 34 13 .na 
“na”:denotes no analysis. 
In terms of mass balance, 120 kg/ha (or 12 g/m2) of Cl is removed from fields in 
every harvesting period (approximately every 4 years).  This amount is significant 
enough to affect Na/Cl ratios. 
Likewise, the amounts of some other major ions (Mg2+, Ca2+, K+, HCO3-) in added 
fertilizer are significant enough that interpretation of ionic ratios caused by other 
processes affecting groundwater chemistry (dissolution, precipitation, ion exchange 
and weathering) is unfeasible.  Due to the high concentrations of SO4 within soils in 
the Pimpama area and, therefore, no evidence of S deficiency, SO4 is not added as 
fertilizer. 
Groundwater type 3 - Saline groundwater (EC = 15-50 mS/cm) 
Most samples in this water type are undersaturated in gypsum, and these waters are 
less enriched than type 2 groundwaters (Na/Cl = 0.59±0.07, SO4/Cl = 0.21±0.12) but 
still significantly different chemically from dilute seawater. 
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Mixing and ET trends in saline groundwater as indicated by water stable isotopes 
have been previously reported (Harbison and Cox, 2002).  Further analysis indicates 
limited infiltration of δ2H-enriched surface water into the shallow aquifer system 
(trend line A, Figure 10).  Saline groundwaters adjacent to streams indicate δ2H 
enrichment relative to Cl concentration.  While this isotopic enrichment may 
possibly reflect processes related to relict salinity, the trend is only apparent in 
groundwater adjacent to streams.  Other saline groundwater samples are either 
isotopically similar to either seawater or a fresh water-seawater mixture (trend line 
B), or depleted in δ2H relative to Cl (trend line C). 
 
 
 
 
 
 
 
 
 
 
Figure 9. A scatter plot of δ2H (permil) versus Cl (meq/L) for selected shallow 
groundwaters and surface waters.  For saline groundwater adjacent to tidal streams 
(trend line A), elevated δ2H indicates an evaporation effect.  Trend line B indicates 
simple mixing of fresh water and seawater.  Trend line C indicates preferential 
concentration of Cl in groundwater through transpiration (water uptake by halophytic 
vegetation). 
Groundwater type 4 - Hypersaline groundwater (EC >50 mS/cm) 
While hypersaline groundwater bodies have a wide distribution within the 
unconsolidated sediments, they are unlikely to interact significantly with surface 
water.  Hypersaline waters within the shallow aquifer systems have variable SO4 
chemistry but are otherwise chemically similar to concentrated seawater. 
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Interpretation of hydrogeochemistry 
While the EMI survey indicated a uniform frequency distribution of saline and 
brackish groundwater, highly brackish groundwater (5-15 mS/m) is underrepresented 
by the chemical data.  A point of inflection in the scree plot of EMI frequency 
distribution (Figure 8) corresponds to a salinity of 5 mS/m.  This suggests that an 
upper active flow and a more static lower saline zone may occur within the shallow 
aquifer system.  Alternately, where fresh groundwater occurs, vertical gradients in 
salinity may be much diminished or absent. 
Based mainly on salinity and major ion chemistry, a number of groundwater types 
can be distinguished.  However, due to the probable influence of a number of factors 
on major ion chemistry, particularly the enrichment of Na, enrichment trends are not 
consistent. 
Groundwater recharge 
Groundwater recharge was initially estimated via the chloride mixing method.  ET is 
expected to comprise a large component of total groundwater discharge.  Where 
chloride concentrations in groundwater are in equilibrium, the chloride balance 
method of determining rates of recharge can be employed.  However this method is 
not applicable to most of the coastal plain.  Most of the area has been inundated by 
surface water, most recently during the 1974 flood. Therefore, concentration of 
incident rainwater is not the only process controlling chloride concentrations.  
However, in the Jacobs Well area where flood inundation is not likely to have 
occurred, the chloride balance method is considered to be applicable.  For other parts 
of the plain, groundwater recharge is estimated using a numerical model as described 
below. 
The modal value of groundwater chloride in the Jacobs Well area indicates an 11-
fold concentration of rainwater via ET (33 mg/l cf. 3 mg/L). Therefore, the effective 
rainfall is an estimated 9% of total rainfall.  Since average annual rainfall for Jacobs 
Well is approximately 1400 mm and annual average pan evaporation is 1515 mm, a 
pan factor of 0.84 pan evaporation generates the 1272 mm of ET that is 91% of total 
annual rainfall.  The maximum ET rates for the transient numerical model were 
generated by applying the 0.84 conversion value to weekly pan evaporation values. 
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Groundwater flow modelling 
Conceptual model 
A transient numerical groundwater flow model of the shallow aquifer within the 
Pimpama coastal plain was developed in order to quantify the predominant 
hydrologic processes.  Due to the possibility of future artificial aquifer recharge, the 
interaction of groundwater with surface water and the storage capacity of the 
subsurface are of particular interest. 
Due largely to the orographic effects of seaward sand islands and landward ranges, 
rainfall varied significantly across the plain.  The annual rainfalls for local stations 
are 1178 (to the northwest of the plain), 1092 (to the southwest of the plain), 1347 
(eastern plain) and 1574 mm (South Stradbroke Island, east of the plain).  Inspection 
of groundwater hydrographs indicted that rainfall distribution was not uniform 
spatially or temporally.  Over a 93 week period, several independent rainfall events 
caused groundwater fluctuations rather than seasonal averages. 
Initial estimates of aquifer parameters were based on field tests and literature values. 
Bailer tests were suitable for estimating hydraulic conductivity values in the silty 
sands in the study area and typical values were in the range of 0.1 – 5 m/day. 
The parameter optimisation software PEST (Doherty, 1994) was used to optimize the 
estimate of model parameters for zones surrounding individual boreholes.  Zones 
were based on the landform classifications listed in Table 1.  Aquifer storage, aquifer 
and riverbed conductance terms, and ET parameters were optimised. 
Characteristically, the zone in the soil profile in which water table fluctuation occurs 
has varying sediment type.  For example, shallow sediment profiles in the freshwater 
wetlands typically consist of an upper layer of fine silty sand and a lower layer of 
fine to medium sand.  In order to allow limited variation in storage characteristics 
with water level for some zones, the model layer was designated as semi-confined.  
This had the effect of a dual porosity model, dependent on water level. 
The possibility that some bores screened in low permeability measures in the 
landward section of the plain (BH 14 and BH 18) were semi-confined was tested by 
screening these bores in an additional lower model layer. 
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Calibration 
In order to overcome the high variability in the spatial distribution of rainfall, 
individual bore hydrographs were calibrated for recharge amounts, storage 
parameters, ET parameters, and optimized parameters were averaged to provide a 
single realization for subsequent modelling of stream water–groundwater interaction 
(Table 5).  Parameters for tidal delta and freshwater wetland areas did not differ 
significantly with the exception of specific yield values.  The optimised recharge 
rates for one bore (BH 12) were selected and applied uniformly in subsequent 
modelling. 
Table 5: Calibration of parameters in transient flow model. 
Bore 
Number 
  Sy S Elevation 
of max. 
ET 
(m AHD) 
ET 
extinction 
depth (m) 
Estimated 
total 
recharge 
(mm) 
River Cd 
(m2/day) 
Error*
(m) 
Tidal delta        
BH7   0.12 0.19 0.64 1.16 482  0.03 
BH12   0.21 0.18 0.33 2.00 645  0.05 
BH16   0.11 0.11 0.70 0.70 504  0.08 
BH19   0.35 0.25 0.62 0.73  23 0.04 
BH21   0.13 0.10 0.24 1.14 543  0.06 
BH26   0.30 0.15 0.10 1.21 692  0.03 
BH45   0.23 0.16 0.26 0.70 514  0.07 
BH53   0.13 0.13 0.72 1.19 582  0.07 
Meanc   0.18 0.15 0.45 1.10 566   
Freshwater wetland        
BH8   0.10 0.16 0.47 0.93  2.1 0.16 
BH10   0.10 0.17 0.62 0.73  42 0.08 
BH15   0.21 0.25 0.00 1.37  46 0.07 
BH28   0.13 0.15 0.69 1.31 468  0.04 
BH36   0.12 0.12 0.17 0.20 666  0.08 
BH47   0.16 0.24 0.12 0.54 462 101 0.04 
BH55   0.14 0.10 1.42 2.00 564  0.06 
BH58   0.10 0.10 0.52 0.71 582  0.07 
Meanc    0.12 0.15 0.50 0.97 548   
Mangrove wetland 
       
BH23   0.10 0.22 0.65 0.44  9 0.05 
Beach ridge 
       
JW1   0.25 0.10 0.89 1.00 653  0.03 
Notes 
*Error = absolute mean calibration error per measurement. 
a denotes maximum value allowed. 
b geometric means are calculated for aquifer parameters and averages are calculated for ET elevations. 
Sy = specific yield, S = storativity 
River Cd = riverbed conductance. 
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Surface water - groundwater interaction study 
Hydrodynamics 
Generally, groundwater levels were higher than stream water levels over the 
measurement period.  Two cases of surface water -groundwater interaction are 
shown in Figure 10; Bore BH15 in the western plain and Bore BH47 in the eastern 
plain.  In the western bore, water levels are consistently lower than stream water 
levels during dry periods.  In order to simulate this effect in the flow model, different 
riverbed conductances are assigned over time depending on groundwater level.  A 
negligible conductance was applied when groundwater levels were below -
0.45 mAHD.  This model modification has a physical basis; the lower sections of 
stream banks are subject to siltation.  In most cases measured, groundwater levels in 
bores near streams were reduced to near the water levels in streams but not lower.  
Therefore, single riverbed conductances are generally adequate for model calibration 
in these cases. 
 
 
 
 
 
 
 
 
 
Figure 10. Hydrographs comparing stream and groundwater levels. 
In order to quantify baseflow, water balance estimates for the plain were modelled 
for various riverbed conductances (Figure 11, Table 6).  Conductances were applied 
uniformly to all RIVER cells.  While the application of time-variant riverbed 
conductances improved model calibration, it had little effect on baseflow volumes.  
Baseflow is estimated to be between 5 and 17% of precipitation.  The water balance 
shows that ET (from the saturated zone) can be expected to be as high as gross 
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recharge to the aquifer.  Therefore, net recharge may be negligible over the 
measurement period.  Groundwater levels fell over the period and this is represented 
by the net flow of water from storage.  The ingress of saline water (flow from 
constant heads) is likely to be an overestimation due to underestimation by the model 
of groundwater levels near the coast. 
Table 6: Water balance for various riverbed conductance estimates.  All amounts are 
expressed in mm.  Figures in brackets are amounts as percentages of precipitation. 
 Riverbed conductances 
 25 m2/day 50 m2/day 100 m2/day 200 m2/day 
Recharge 645 (46.1) 645 (46.1) 645 (46.1) 645 (46.1) 
ET 753 (53.8) 716 (51.1) 666 (47.6) 612 (43.7) 
River_out 67 (4.8) 113 (8.1) 174 (12.4) 239 (17.1) 
River_in 0 (0.0) 0 (0.0) 1 (0.1) 2 (0.2) 
Storage_in 549 (39.2) 553 (39.5) 556 (39.7) 556 (39.7) 
Storage_out 421 (30.1) 418 (29.9) 415 (29.6) 409 (29.2) 
Constant heads_out 26 (1.9) 25 (1.8) 25 (1.8) 24 (1.7) 
Constant heads _in 73 (5.2) 75 (5.3) 77 (5.5) 81 (5.8) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. A scatter plot of sensitivity of water balance to estimated riverbed 
conductance.  RIV = baseflow; S = storage; CH = constant heads. 
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Hydrogeochemistry 
Using the natural tracer approach to compare groundwater and surface water 
chemistry (Table 2), limited baseflow is provided to streams in the coastal plain.  
However, while SO4 concentrations can greatly exceed Cl concentrations in fresh 
stream water after rain events, consideration of variations in SO4/Cl ratios (DNRME 
data) indicates that simple mixing of seawater and SO4-rich fresh water 
underestimates the SO4 content of saline tidal stream water.  It is proposed that a 
mixing model including a slightly brackish end-member (Cl = 200 mg/L, SO4/Cl = 
0.8) representing baseflow from the aquifer better predicts the observed SO4/Cl ratios 
in brackish and saline stream water.  This has environmental significance in that a 
potentially “benign” source of SO4, not associated with increased acidity or rapid 
pyrite oxidation, may be contributing to stream water quality. 
While the natural tracer approach is problematic in this setting due to data 
limitations, the chemical distribution within the aquifer provides further information 
about surface water groundwater interaction.  Considering the relationship of shallow 
groundwater salinity distribution to the main drainage lines (Figure 6), salinity is 
greatest in low-lying areas but salinity contours are not necessarily concurrent with 
current stream orientations.  A separate study of downhole salinity logging (Harbison 
et al., unpublished data) indicates significant stored salinity in underlying low-
permeability sediments.  Furthermore, there is no consistent gradient of increasing 
salinity seaward.  Areas of shallow hypersalinity may act as barriers to saline 
encroachment, however density-dependent flow is not considered in this study.  
Significantly, the saline and brackish shallow groundwater analysed do not show 
major ion ratios typical of saline encroachment, i.e. reduced Na/Cl and K/Cl ratios. 
Based on groundwater chemistry and stable water isotopes in near-stream bores 
(Figure 9, trend line A), some flow reversal does occur.  During dry periods, and 
with associated groundwater flow reversal, it is primarily the lower part of the 
groundwater column that is recharged by saline water from tidal streams.  However, 
during groundwater flow toward streams, brackish groundwater from the upper 
groundwater column contributes to baseflow.  With increased groundwater velocity, 
this groundwater mixes via entrainment with some deeper saline groundwater.  It is 
significant that boreholes adjacent to tidal streams are screened such that the lower, 
more saline part of the shallow groundwater column is sampled. 
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CONCLUSIONS 
In a low-lying sub-tropical coastal plain with modified drainage, both hydrodynamic 
and hydrogeochemical approaches to the determination of hydrologic processes are 
problematic.  Hydrodynamic analysis is affected by local variability in rainfall 
patterns and by low and non-uniform hydraulic gradients.  Hydrogeochemical 
analysis is affected by the large range of groundwater types encountered within the 
plain; salinity and other chemical parameters vary widely within the shallow aquifer 
system. 
Numerical modelling of groundwater flow in a shallow estuarine aquifer system 
indicates that the dominant process controlling the hydrology of the Pimpama coastal 
plain is ET.  Recharge to the water table is predominantly via local rainfall.  It is 
possible to estimate recharge by parameter optimisation of recharge in selected stress 
periods.  Over a 93-week period, groundwater recharge was approximately 46% of 
rainfall.  At the same time, due to high rates of ET (principally water uptake by 
plants) of groundwater, net recharge during the same period was minimal. 
Limited salinity distribution data indicates that localised saline intrusion is occurring 
in the vicinity of creek mouths.  However, there is no evidence that saline 
encroachment is occurring in the central plain and elevated salinity is a result of poor 
flushing of relict salinity.  Due to low groundwater velocities, this salinity source is 
potentially significant for shallow groundwater quality. 
Chemical differences between groundwater types indicate different 
hydrogeochemical evolution.  Due to high variability in groundwater and surface 
water chemistry, natural tracers of with groundwater-surface water interaction.  In 
particular, groundwater within tidal delta units is clearly distinguished from other 
groundwater, including groundwater within seaward beach ridge units.  Shallow 
groundwater in tidal delta sands is quite chemically different from diluted seawater, 
particularly with respect to Na, SO4 and silica concentrations.  Significantly, saline 
encroachment in shallow saline or brackish groundwater is not indicated by cation 
exchange.  In fresh groundwater, high Na/Cl and K/Cl ratios are related to either 
aquifer freshening or crop removal. 
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CHAPTER 4 
STABLE ISOTOPES OF SULFATE (δ34SSO4 AND δ18OSO4) IN COASTAL 
GROUNDWATER: PIMPAMA, QUEENSLAND, AUSTRALIA   - A 
PRELIMINARY INVESTIGATION OF THE USE OF STABLE SULFATE 
ISOTOPES IN DETERMINING SULFUR REACTIONS AND SOLUTE 
PROCESSES 
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STABLE ISOTOPES OF SULFATE (δ34SSO4 AND δ18OSO4) IN COASTAL 
GROUNDWATER: PIMPAMA, QUEENSLAND, AUSTRALIA - A 
PRELIMINARY INVESTIGATION OF THE USE OF STABLE SULFATE 
ISOTOPES IN DETERMINING SULFUR REACTIONS AND SOLUTE 
PROCESSES 
INTRODUCTION 
Apart from providing a useful analytical tool, the chemical transformation of sulfur 
compounds in coastal settings has environmental significance.  Because of oxidation 
of pyritic sediments, dissolution of sulfur compounds in marine-derived sediments is 
commonly associated with acidification of waterways and mobilisation of heavy 
metals (Sammut et al., 1995; Preda, 1999; Preda and Cox, 2004).  Due to the 
importance of sulfur phases in such coastal settings, stable sulfate isotope analysis 
may be effective in refinement of conceptual models of groundwater flow and 
quality. 
In a previous paper (Harbison and Cox, 2002), the general hydrogeology of the 
Pimpama coastal plain was examined and a conceptual model of groundwater 
occurrence and flow was developed.  Chemical analysis of various groundwaters 
from the Pimpama coastal plain clearly identified a number of groundwater chemical 
types.  Of the chemical data considered, SO4 concentration and the SO4/Cl ratio are 
two important parameters for discriminating between groundwater types, and clearly 
indicate both SO4 depletion and enrichment patterns.  These patterns are attributed 
principally to transformation between sulfur reservoirs in the plain, mainly the 
oxidation and precipitation of the predominant sulfur-bearing minerals (pyrite, 
gypsum and jarosite). An additional process is retardation of sulfate during solute 
transport (sorption and diffusion).  In coastal surface waters, a SO4/Cl ratio higher 
than the seawater SO4/Cl ratio (0.14, weight/weight basis) usually indicates the 
addition of sulfate from a mineral source. 
Stable water isotope analyses (δ2H and δ18O) are shown to complement this chemical 
(physico-chemical and ionic) analyses, and to indicate hydrologic processes (mixing, 
evaporation and transpiration).  The effectiveness of stable water isotope analyses in 
indicating hydrologic processes, and trends in preliminary δ34S results, prompted this 
further study of stable sulfate isotope analysis in the same setting. 
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FEATURES OF THE PIMPAMA COASTAL PLAIN 
The Pimpama coastal plain is situated at the southern end of Moreton Bay in 
southeast Queensland, Australia.  It is approximately 100 km2 in area, excluding 
alluvial terraces, and has a small catchment (244 km2) extending to the west.  
Streams provide negligible baseflow during extended dry periods such that the tidal 
reaches within the plain exhibit wide variations in salinity. 
The Pimpama plain is low-lying with much of its area being less than one metre 
above sea level.  Unconsolidated sediments within the plain are generally poorly 
flushed and have residual salinity from previous sea levels. 
The coastal plain is within a back barrier setting, landward of a mega-dune sand 
island, North Stradbroke Island, and South Stradbroke Island, a prograding sand 
barrier.  The majority of North Stradbroke Island comprises mega-dune Pleistocene 
sand deposits. 
The sedimentary evolution of the plain by infilling of an estuary during the 
Quaternary is typical of other settings on the eastern Australian coastline and around 
the world (e.g. Reinson, 1977; Stephens, 1992; Allen and Posamentier, 1993).  
Coarse–grained sands and gravels occur within paleochannels and overlie bedrock.  
These sediments were deposited in a fluvial setting during the initial phase of the rise 
of sea level (Lockhart et al., 1998).  Overlying these sediments at typical depths of 
10-20 m are estuarine mud layers.  The upper 10 m are typically comprised of fine-
to-medium grained sands and layers of mangrove mud and indurated sands. 
Recent scientific interest in the mineralogy of the plain is primarily related to the 
abundance of pyritic sediments at shallow depths and the subsequent environmental 
implications.  Government agencies have carried out extensive shallow drilling for 
acid sulfate soil mapping, largely concentrated in the upper 20 m of the 
unconsolidated profile (Graham and Larsen, 2003).  In shallow sediments, the recent 
modification of hydrology in the plain has lead to the oxidation of pyrite and the 
formation of jarosite (Preda and Cox, 2004).  However, pyritic sediments are not 
necessarily restricted to shallow depth (Preda, 1999). 
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PREVIOUS STUDIES OF STABLE SULFUR ISOTOPES IN NATURAL 
WATERS 
Research in stable sulfate isotopes in natural waters and in other reservoirs (e.g. 
minerals, atmosphere) and understanding of important controls for fractionation is at 
a less developed stage than for stable water isotopes.  Stable isotope analysis of 
sulfate has been successfully used to identify sulfur sources such as anthropogenic 
inputs (e.g. Dowuona et al., 1992; Grasby et al., 1997; Moncaster et al., 2000) and 
regional groundwater inputs (e.g. Yang et al., 1997; Dogramaci et al., 2001). 
Factors affecting δ34S in groundwater 
Many hydrologic processes are involved in fractionation of sulfur isotopes; the most 
effective mechanism is sulfate reduction (van Stempvoort and Krouse, 1994; Gavriell 
et al., 1995).  The degree of 34S/32S fractionation may be related to repeated cycles of 
reduction and pyritisation, and also to microbially-mediated reactions.  Inorganic and 
microbial reactions can proceed concurrently (van Stempvoort and Krouse, 1994).  
Microbial activity may be restricted by small pore aperture size within fine sediments 
(Bottrell et al., 2000a). 
Literature values of pyrite δ34S show a large range of isotopic depletion (5‰ to 
46‰), and depend upon specific reduction factors (Habicht and Canfield, 1997).  
High fractionation factors for sulfate reduction (e.g. 1.060) may be related to 
repeated cycles of oxidation and reduction (i.e. redox cycling) predominating over 
net sulfate reduction (Bottrell et al., 2000a), and may indicate depositional 
conditions.  As an example, the average fractionation factor for sulfate reduction in 
anoxic lagoons and interstitial waters is 1.030 (Goldhaber and Kaplan, 1974).  Ku et 
al. (1999) quote fractionation factors in carbonate island flank muds of 1.022 and 
1.036 for δ18O and δ34S respectively. 
Pyrite oxidation is less likely to be associated with significant fractionation (Clark 
and Fritz, 1997), particularly under slightly anaerobic conditions.  Likewise, 
precipitation and dissolution of other S-bearing minerals (e.g. gypsum) is generally 
not associated with significant fractionation (Gavriell et al., 1995).  The isotopic 
signature of gypsum-derived sulfur may reflect the local isotopic signature of pyrite-
derived sulfur (Moncaster et al., 2000). 
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As well as sulfate reduction, retardation of SO42- ions relative to Cl- ions during 
solute transport also causes sulfate depletion in migrating water, but the effect on 
isotope fractionation is likely to be insignificant (van Stempvoort et al., 1990). 
The international reference value for δ34S is derived from a meteorite sample, Cañon 
Diablo Troilite (CDT).  Relative to this standard, the literature value for seawater 
δ34SSO4 is +21‰ CDT (Clark and Fritz, 1997).  Typical literature values of δ34S in 
rainwater are between +2‰ and +10‰ with the lower value typically associated with 
reduced amounts of aerosols (Clark and Fritz, 1997).  Moncaster et al. (2000) 
reported δ34S values of +5.4‰ for coking acid and ~+0.4‰ for smelter acid. 
Factors affecting δ18OSO4 and δ18OH2O in groundwater 
Due to isotopic disequilibrium, seawater sulfate has a value of δ18OSO4 above that of 
Standard Mean Ocean Water (SMOW) (δ18OSO4 = +9.5‰ cf. δ18OH2O = 0‰).  
Scatter plots of δ18OSO4 versus δ18OH2O have been used to indicate the relative degree 
to which atmospheric oxygen (δ18OO2 ≈ +23‰) or water oxygen contributes to pyrite 
oxidation.  Such analyses are simplistic and should only be used as qualitative first 
approximations (van Stempvoort and Krouse, 1994). 
Compared to atmospheric δ18OO2, water δ18OH2O is more variable, and may be related 
to water salinity.  Both δ18OH2O and salinity vary widely within groundwater in the 
Pimpama coastal plain (δ18OH2O ≈ -3.9‰ to +2.7‰) (Harbison and Cox, 2002), and 
variations of theses parameters are broadly correlated. 
Increases in sulfate concentration within confined anoxic conditions indicate that 
pyrite oxidation can be facilitated by a number of alternative oxidants, for example, 
Fe3+ and NO3- (e.g. Bottrell et al., 2000b).  In the case of anoxic oxidation, all of the 
oxygen incorporated into sulfate is derived from water molecules. 
While sulfate depletion and enrichment usually lead to opposite fractionation effects 
for δ34SSO4 in groundwater, both reduction of sulfate and pyrite oxidation are 
typically associated with an increase in δ18OSO4.  Furthermore, redox cycling of 
sulfur can produce an increase in δ18OSO4 without a significant change in the SO4/Cl 
ratio (Clark and Fritz, 1997). 
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METHODS 
Sampling rationale and strategy 
As discussed in the aforementioned paper (Harbison and Cox, 2002), using δ34SSO4 
analyses of 6 groundwater samples from the Pimpama coastal plain, a clear 
relationship was shown between the fractionation of δ34SSO4 and the deviation of the 
SO4/Cl ratio from that of seawater.  To further examine the fractionation of stable 
isotopes in coastal groundwater sulfate, additional δ34SSO4 and δ18OSO4 analyses were 
conducted. 
As was the case for initial δ34SSO4 analysis, groundwater samples were selected in 
order to represent a wide range of SO4/Cl ratios and different hydrogeologic settings: 
shallow groundwater, “basal” groundwater and bedrock groundwater (Figure 1) 
shows the location of sampled boreholes. 
Based on the different temporal piezometric patterns, shallow unconfined 
groundwater was differentiated from groundwater within deeper semi-confined 
sediments defined as “basal” groundwater (Harbison and Cox, 2002). 
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Figure 1: Location map of sample sites.  Coordinates are in UTM projection, 
Australian Zone 56.  Artificial drainage channels are indicated by grey lines.  Natural 
creeks are shown by dark lines.  Shallow bores have a prefix BH while deep 
groundwater bores have a prefix JW.  The triangle adjacent to the Jacobs Well 
shoreline indicates the surface water sampling site (“Bay water”). 
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Shallow groundwater refers to unconsolidated aquifers at less than 20 m depth; the 
14 shallow groundwater samples involved have a BH prefix.  Basal groundwater 
refers to water bodies within unconsolidated sediments deeper than 20 m below 
ground surface and separated from shallow groundwater by low permeability 
sediments. 
Hydrogeochemical trends in shallow groundwater can be related to location within 
the plain and further subdivision of this group into “coastal” and “estuarine” 
subgroups is warranted; salinity in both sub-groups varies from fresh to hypersaline.  
The hydrogeochemistry of “coastal” groundwater indicates simple mixing and 
concentration of fresh infiltrating rainwater and seawater as the dominant processes, 
whereas the hydrogeochemical evolution of “estuarine” groundwater is less 
straightforward.  Relative to seawater, useful discriminating parameters include high 
silica, high values of Na/Cl, SO4/Cl, HCO3 and high abundances of metals (Fe, Mn, 
Zn and Al).  These and other chemical differences indicate processes such as mineral 
dissolution/precipitation, agricultural crop removal, and cation exchange.  
Agricultural crop removal selectively removes Cl, K and Mg from the soil.  Cation 
exchange occurs when groundwater interacts with negatively-charged clay during 
salinity changes.  “Coastal groundwater” is only represented in the sample set by one 
hypersaline sample (BH60).  However, based on location and intermediate SO4/Cl 
value, the brackish sample BH10 may be considered as intermediate between the two 
categories. 
The five basal groundwater samples, including one duplicate δ34SSO4 analysis, use a 
JW prefix for identification.  Salinity varies from saline to hypersaline, with an 
overall increase seaward.  This hydrogeochemical type indicates mixing of 
concentrated seawater largely with fresh groundwater within semi-confined fluvial 
sandy clays. 
One brackish groundwater sample identified as “Farm bore” was collected from a 
borehole situated within a Mesozoic sandstone unit located within the seaward part 
of the plain (Figure 1).  Unlike the boreholes in unconsolidated material, this 
borehole is uncased, and groundwater is potentially drawn from throughout the 
vertical saturated profile.  Secondary porosity within the sandstone may control flow 
into the borehole. 
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Based on previous chemical analyses from within the plain, a number of samples 
were considered to have a SO4/Cl ratio too low to yield an adequate amount of 
sulfate precipitate without sample pre-concentration.  Saline porewater within 
lagoonal mud contained approximately 20 mg/L of sulfate and brackish groundwater 
in a basal aquifer contained approximately 3 mg/L.  Therefore, fractionation trends in 
the most sulfate-depleted groundwater types encountered have not been examined in 
this study. 
Five of the boreholes originally sampled were re-sampled and 9 additional boreholes 
were sampled.  A saline surface water sample (reported as “Bay water”) was 
collected from Moreton Bay adjacent to the Jacobs Well Yacht Club. 
Laboratory methods 
The method for sulfate precipitate preparation from water samples was provided by 
the Stable Isotope Laboratory, Institute of Geological & Nuclear Sciences Limited 
(GNS), Lower Hutt, New Zealand, based on the methods developed by Brian 
Robinson (e.g. Robinson and Gunatilaka, 1991) (see Appendix). 
Sulfate precipitates were analysed by the GNS Stable Isotope Laboratory. 
In this study, comparison of δ18OSO4 and δ18OH2O involves a compilation of results 
over a period of several years.  Therefore, dates of sampling and physico-chemical 
analysis for individual samples are presented along with stable isotope results in the 
Results section.  Initial batches of stable water isotopes (δ18O and δ2H) were 
analysed by the Adelaide Laboratory of CSIRO Land and Water.  However, due to 
possible variation in groundwater chemistry between sampling periods, the δ18OH2O 
value of a sample may vary from the value in the sample drawn from the same 
borehole at a different time.  Due to the observation of generally low temporal 
variation in groundwater chemistry, δ18OH2O values are considered to be 
representative of groundwater that was sampled from the same borehole at a different 
time and analysed for stable sulfate isotopes (see Discussion).  Exceptions are the 
chemical results for two boreholes (one adjacent to a stream and the other located in 
Mesozoic sandstone) which exhibited high temporal variability. 
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RESULTS 
The results of isotope analyses, along with sulfate and chloride concentrations, are 
presented in Table 1.  The calculated difference in δ18OH2O between sulfate and 
ambient water (∆18OSO4-H2O), the concentrations of SO4 and Cl, and the calculated 
SO4/Cl ratio are also presented as additional columns. 
In shallow groundwater, SO4/Cl ratios usually indicate sulfate enrichment (SO4/Cl 
vales up to 3.5) but shallow groundwater samples indicate depletion relative to 
seawater.  As stated above, sulfur-depleted water bodies are underrepresented by the 
samples analysed.  The basal groundwater samples indicate varying degrees of 
sulfate depletion (SO4/Cl between 0.04 and 0.12) and the one bedrock groundwater 
indicates sulfate enrichment (SO4/Cl  = 0.39). 
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Table 1: Sulfate and chloride concentrations and fractionation of sulfur isotopes 
in coastal groundwater. 
Sample I.D. / 
Laboratory 
number 
SO4 
mg/L 
Cl 
mg/L 
SO4/
Cl 
 
δ34SSO4
‰ 
δ18OSO4
‰ 
δ18OH2O 
‰ 
∆18OSO4-H2O 
Shallow 
groundwater 
       
BH7 / 13933 213 261 0.82 -3.3 -- -3.42 -- 
BH7 / 19801 195 354 0.55 -2.3 +9.23 -3.42* 12.65 
BH10 / 13934 53 382 0.14 +13.7 -- -- -- 
BH10 / 19791 53 382 0.14 +16.9 +4.34 -3.31 7.65 
BH12 / 19793 1 828 6 710 0.27 -2.3 +18.12 -3.08* 21.20 
BH13 / 19794 2 505 12 100 0.21 +28.3 +18.92 -1.39 20.31 
BH15 / 13935 374 13 012 0.03 +38.9 -- -- -- 
BH15 / 19795 280 9 256 0.03 +20.2 +14.89 -1.56 16.45 
BH16 / 13936 2 186 679 3.22 -15.8 -- -- -- 
BH16 / 19796 2 433 692 3.52 -14.5 +13.48 -3.40* 16.88 
BH36 / 19798 7 923 31 100 0.25 +13.7 +16.56 -0.34* 16.90 
BH47 / 19799 2 992 10 940 0.27 +11.0 +18.36 -2.16 20.52 
BH50 / 13937 3 445 10 190 0.34 +1.7 -- -- -- 
BH60 / 19800 4 404 32 040 0.14 +22.30 +14.77 +2.73 12.04 
Basal groundwater        
JW2 / 13938 277 6 533 0.04 +27.1 -- -3.03* -- 
JW2 / 19802 282 5 975 0.05 +27.4 +17.92 -3.03* 20.95 
JW3 / 19803 236 6 515 0.04 +24.2 +15.84 -2.47* 18.31 
JW4 / 19804 1 830 16 090 0.11 +27.6 +18.24 -1.89* 20.13 
JW5 / 19805 3 207 27 450 0.12 +21.7 +13.92 +0.06 13.84 
Bedrock 
groundwater 
       
Farm bore / 19797 181 467 0.39 +20.7 +12.58 -3.78 16.36 
Surface water        
Bay water / 19806 2 511 19 150 0.13 +21.8 +7.82 +1.22 6.60 
Standard seawater 
(CRC Handbook, 
1984) 
2 700 19 000 0.14 +21 +9.5 0 9.5 
“--” = no data. 
* Stable water isotope analysis sampled separately to stable sulfate isotope sample (see Table 2). 
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Table 2: Comparison of groundwater physico-chemistry and δ18OH2O for stable 
water isotope samples and stable sulfate isotope samples. 
Sample I.D. / Laboratory 
number† 
Date 
mm/yr 
EC 
µS/cm 
pH Eh 
(mV) 
18OH2O 
‰ 
BH7 / 35927 06/99 2 500 7.6 +53 -3.42 
BH7 / 13933 09/00 2 130 7.9 +191  
BH7 / 19801 10/01 2 270 7.8 +49  
BH10 / 19791 10/01 1 760 7.9 +93 -3.31 
BH12 / 36746 03/00 18 460 7.6 +77 -3.08 
BH12 / 19793 10/01 17 800 7.8 -26  
BH13 / 19794 10/01 39 400 6.7 +121 -1.39 
BH15 / 13935 10/00 37 000 6.8 +168  
BH15 / 19795 10/01 28 500 7.1 -52 -1.56 
BH16 / 36748 03/00 6 040 6.9 +131 -3.40 
BH16 / 13936 10/00 6 000 8.1 +218  
BH16 / 19796 10/01 6 300 7.2 -117  
BH36 / 37840 10/00 72 200 7.1 +149 -0.34 
BH36 / 19798 10/01 81 100 6.9 +31  
BH47 / 19799 10/01 34 800 7.5 +68 -2.16 
BH60 / 19800 10/01 81 200 6.8 +119 +2.73 
JW2 / 36750 03/00 16 650 5.9 +136 -3.03 
JW2 / 19802 10/01 16 980 6.2 -109  
JW3 / 36751 03/00 18 360 6.8 +60 -2.47 
JW3 / 19803 10/01 18 640 6.7 -89  
JW4 / 36752 03/00 41 700 5.6 +218 -1.89 
JW4 / 19804 10/01 44 000 5.9 -104  
JW5 / 19805 10/01 71 100 6.2 +143 +0.06 
Farm bore / 37843 09/00 1 490 5.0 +377 -3.78 
Farm bore / 19797 10/01 2 050 5.0 +148  
Bay water / 19806 10/01 19 150 7.9 +276  
Standard seawater (CRC 
Handbook, 1984) 
 19 000 8.0  0 
† 1xxxx samples analysed by GNS, 3xxxx samples analysed by CSIRO. 
DISCUSSION 
Due largely to sulfate reduction and sulphur oxidation producing opposite trends in 
δ34S values, δ34S values follow a more predictable pattern than is the case for 
δ18OSO4, partly because reduction and oxidation are both related to increased δ18OSO4.  
Therefore, the trends in δ34S are assessed in some detail, and the trends in δ18OSO4 are 
then considered in light of the previous interpretations. 
The limited number of samples does not adequately represent the range of 
depositional settings and therefore cannot be expected to represent detailed spatial or 
temporal trends in groundwater evolution.  Furthermore, due to the complexity of 
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groundwater flow paths, particularly in the shallow aquifer, the samples do not 
represent a single hydrogeochemical evolution path.  However, some processes can 
be inferred. 
Interpretation of δ34S in groundwater 
Generally, enrichment and depletion in groundwater SO4 relative to Cl concentration 
is associated with depletion and enrichment in δ34SSO4, respectively; a semi-log plot 
of δ34SSO4 versus SO4/Cl (Figure 2) illustrates this general trend.  Basal groundwater 
(JW2-5) is elevated in δ34SSO4 compared to the isotopic composition of seawater 
while shallow groundwater samples are generally isotopically lighter (BH7, BH12, 
BH16, BH36, BH47, and BH50).  Two samples of shallow groundwater, a 
hypersaline sample (BH60) and a slightly brackish sample (BH10), have a similar 
SO4/Cl ratio to seawater and exhibit low fractionation. 
 
 
 
 
 
 
 
 
Figure 2: Scatter plot of δ34S versus SO4/Cl.  Mixing line A indicates the hypothetic 
mixing of seawater with sample BH16.  Mixing line B represents the mixing of a 
freshwater (δ34S = +2‰, SO4/Cl = 0.14) with sample BH16.  Broad arrows (top right 
of plot) indicate possible processes. 
The very high SO4 concentration (SO4/Cl > 2) in sample BH16 can be attributed to 
isotopically-light sulfur derived from rapid dissolution of isotopically-light minerals.  
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Furthermore, due to this high SO4/Cl ratio, it can be assumed that the vast majority of 
the sulfate in the groundwater is derived from mineral dissolution.  Therefore, the 
δ34S value of this mineral source is likely to be similar to the value for the 
groundwater sample, i.e. a simple mixing model can be constructed with a 
hypothetical mineral end member with δ34S ≈ -16‰. 
The mass balance equation for this relationship is: 
δ34Sexpected = ( [SO4]residual x δ34Smineral + [SO4]initial x δ34Sseawater ) / [SO4]total 
where 
[SO4]residual = [SO4]total – ([Cl]total x [SO4]seawater / [Cl]seawater) 
and 
[SO4]initial = [SO4]total – [SO4]residual. 
A plot of the mixing line generated by this equation is shown in Figure 2 to be a 
curvilinear line (mixing line A) between seawater and sample BH16.  The results 
show considerable deviation either side of this mixing line.  In small part, this 
deviation can be explained by the wide range of groundwater salinity and the likely 
effect of a third end member, a fresh groundwater (such as BH10), having a δ34S 
value significantly different from that of seawater (mixing line B).  A conservative 
estimate of +2‰ was assumed for fresh groundwater.  Although no δ34S value for 
local precipitation is available, this is a reasonable assumption based on the literature 
values of δ34S in precipitation. 
The results indicate considerable deviation outside the zone bounded by these two 
mixing lines.  Deviation from this theoretical mixing zone cannot be clearly related 
to trends in any particular parameter, such as salinity, pH, Eh, dissolved oxygen 
(DO) or total Fe concentration.  Relatively non-fractionating processes (mineral 
precipitation/dissolution and retardation) can be related to a shift along the SO4/Cl 
axis.  The general “right shift” of shallow estuarine groundwater outside this mixing 
hypothetical zone indicates that sulfate retardation may be an important process.  
Furthermore, the “left shift” of reduced basal groundwater indicates that retardation 
is competing with sulfate reduction.  This is particularly the case for borehole JW3.  
Comparison of chemical parameters for JW2 and JW3 indicates that although both 
groundwaters are reduced and anaerobic, JW3 shows greater temporal variation in Fe 
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(40-280 mg/L cf. 85-98 mg/L) and consistently higher pH (6.6 cf. 5.8).  Associated 
with the temporal variation in Fe is a large variation in alkalinity (37-440 mg/L), 
suggesting that a siderite solubility reaction is controlling groundwater chemistry, 
and is competing with pyritisation. 
Significantly, the selected groundwater analyses represent a variety of depositional 
settings within the plain and therefore represent various groundwater chemical 
evolution pathways.  The potential sulfur-bearing minerals are also likely to have 
greater δ34S variability than is assumed by the mixing model.  The relationship of 
depositional setting to fractionation patterns is discussed below (see Relationship of 
fractionation to physical setting). 
Of the re-sampled boreholes, only BH15 returned significantly different results for 
δ34S.  This borehole was sampled in October 2000 and October 2001.  As indicated 
in Table 2, only two boreholes (BH15 and Farm bore) exhibited significant trends in 
physico-chemical parameters between sampling times.  In Table 3, temporal trends in 
major and minor ion chemistry for borehole BH15 are examined in more detail.  The 
borehole is immediately adjacent to a drain in the western part of the plain.  Based on 
hydrodynamic considerations alone, there may be significant interaction between 
surface water in the drain and groundwater in the aquifer.  For example, the water 
level in the borehole fell to below approximately 0.5 m below surface water level 
during a dry period. 
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Table 3: Temporal trends in groundwater chemistry and water levels, shallow 
borehole within the coastal plain (“BH15”), December 1999 to October 2001. 
Date 
sampled 
(mm/yr) 
11/1999 03/2000 10/2000* 06/2001 10/2001** Seawater 
Water level 
(m MSL) 
+0.49 +0.41 -0.53 -0.36 -0.87 -- 
pH 6.9 6.7 6.8 6.6 7.1 8.0 
DO (mg/L) 2.8 3.3 2.4 0.44 0.33 NA 
Eh (mV) +156 +127 +168 +102 -52 -- 
Cl (mg/L) 12 950 15 240 13 010 8 540 9 260 19 000 
Na (mg/L) 6 650 9 840 8 380 5 020 5 280 10 500 
Ca (mg/L) 340 280 290 210 220 400 
Mg (mg/L) 1 100 1 080 1 100 635 780 1 350 
SO4 (mg/L) 560 400 370 550 280 2 700 
Na/Cl 0.51 0.65 0.64 0.59 0.57 0.55 
Ca/Cl 0.026 0.018 0.022 0.025 0.024 0.021 
Mg/Cl 0.085 0.071 0.085 0.074 0.084 0.071 
SO4/Cl 0.04 0.03 0.03 0.06 0.03 0.14 
Fe (mg/L) 7.1 4.2 0.12 5.7 4.0 -- 
Mn (mg/L) 1.08 0.84 0.77 1.55 0.94 -- 
Al (mg/L) ND 0.82 ND ND ND -- 
Zn (mg/L) ND 0.07 ND ND ND -- 
SIgypsum -1.30 -1.58 -1.57 -1.38 -1.68  
*Sampled for stable sulfate isotopes. 
**Sampled for stable sulfate isotopes and water isotopes. 
MSL = metres above sea level 
NA = not analysed 
The temporal variation in groundwater chemistry suggests either interaction with 
surface water or significant variation in chemistry in the vertical groundwater 
column.  Furthermore, stable water isotope analysis of the October 2001 sample 
shows one of the few positive deviations from a fresh water-seawater mixing line on 
a δ2H/Cl plot (Figure 3).  This suggests interaction with partly evaporated surface 
water that is enriched in δ2H. 
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Figure 3: Scatter plot of δ2H versus Cl.  Mixing line A indicates the mixing of 
shallow groundwater with surface water.  Mixing line B represents the mixing of 
fresh water with seawater.  Mixing line C represents the mixing of fresh water with 
basal hypersaline concentrated mainly via transpiration. 
Trends in Eh and pH indicate that the groundwater became increasingly reduced.  At 
the same time, DO and Cl concentrations decreased.  While this salinity trend is 
expected with the influx of less saline surface water, the decreases in Eh and DO are 
counter-intuitive.  Based on calculation of gypsum saturation indices (SIgypsum) using 
the hydrogeochemical program PHREEQC (version 2) (Parkhurst and Appelo, 
1999), the groundwater was consistently under-saturated and SO4/Cl ratios were 
consistently low.  Therefore, the decrease in δ34S between sampling periods cannot 
be attributed to the removal or addition of gypsum. 
In summary, the variation in the two δ34S results may in part be explained by a 
significant change of water type in the vicinity of the bore screen.  The spatial 
distribution of salinity and water types around the drain is not certain, however, the 
hydrodynamic and hydrogeochemical observations can be reconciled with one of the 
conceptual models of drain-aquifer interaction proposed by Rushton and Tomlinson 
(1979) where the transfer function varies with surface water level.  In one model, the 
interaction “switches off” or is greatly reduced when the surface water level is low. 
The δ34S value for the bedrock groundwater sample (Farm bore) indicates 
insignificant fractionation relative to seawater, but shows a high SO4/Cl ratio.  
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Therefore, the high SO4/Cl ratio for this sample may be related to sulfate retardation 
during flushing out of saline water. 
Several hydrologic and geologic observations, including an observed temporal 
response to seasonal changes, allow some detail in interpretation of this one result.  
The bedrock outcrop has a maximum elevation of 16 m above sea level.  The water 
level in this borehole is considerably higher than in the basal and shallow aquifers 
(more than 7 m above sea level) (Table 4).  Over the period from March 2000 to 
January 2001, a period of considerably reduced rainfall, the water level dropped 
consistently from approximately +8 to +4 m above sea level.  Due to significant 
recharge in early 2001, water levels between January 2001 and June 2001 remained 
between 4-5 m above sea level.  The consistency of the water level decline indicates 
a slow leakage of groundwater from the Mesozoic sandstone into the adjacent 
unconsolidated strata. 
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Table 4: Temporal trends in groundwater chemistry and water levels for a 
bedrock borehole within the coastal plain (“Farm bore”), June 1999 to October 
2001. 
Date 
sampled 
(mm/yr) 
06/1999 05/2000 09/2000 06/2001 10/2001* Seawater 
Water level 
(m MSL) 
NA +7.3 +5.8 +4.1 NA -- 
pH 6.3 5.6 5.0 4.0 5.0 8.0 
DO (mg/L) 1.4 1.1 0.7 0.5 2.9 NA 
Eh (mV) +356 +207 +377 +428 +148 -- 
Cl (mg/L) 131 253 263 399 467 19 000 
Na (mg/L) 160 211 272 329 336 10 500 
Ca (mg/L) 2.6 2.1 2.6 4.3 7.5 400 
Mg (mg/L) 2.6 5.8 8.2 13 16 1 350 
SO4 (mg/L) 80 172 182 198 181 2 700 
Na/Cl 1.22 0.83 1.03 0.82 0.72 0.55 
Ca/Cl 0.020 0.008 0.010 0.011 0.016 0.021 
Mg/Cl 0.020 0.023 0.031 0.033 0.034 0.071 
SO4/Cl 0.61 0.68 0.69 0.50 0.39 0.14 
Fe (mg/L) NA 13.3 1.73 0.8 1.17 -- 
Mn (mg/L) 1.02 0.52 0.60 1.03 1.44 -- 
Al (mg/L) 0.5 0.6 0.3 1.2 1.2 -- 
Zn (mg/L) NA 0.05 0.16 0.13 0.14 -- 
*Sampled for stable sulfate isotopes. 
MSL = metres above sea level 
NA = not analysed 
The brackish groundwater ([Cl-] = 467 mg/L) indicates a mixture of infiltrating 
rainwater and underlying saline groundwater.  Low Ca/Cl and Mg/Cl ratios and high 
Na/Cl ratios relative to seawater indicate the classic chromatographic pattern 
associated with flushing out of saline water. 
Associated with this fall in water level, temporal changes in groundwater chemistry 
are also evident.  Sampled groundwater became progressively more saline as the 
water level in the bore fell, and a consistent increase in the Mg/Cl ratio occurred.  
Changes in the Na/Cl, K/Cl and Ca/Cl ratio are less consistent, however the Na/Cl 
ratio shows an overall trend of falling with increased salinity.  The overall temporal 
trend of SO4/Cl is also to fall with increasing salinity. 
Trends in pH and Eh indicate that the groundwater becomes increasingly reduced as 
salinity increases; with the exception of the last sample, dissolved oxygen drops as 
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salinity increases.  There is a general decrease in Fe, but a general increase in other 
metals (Mn, Al and Zn). 
In light of the hydrogeochemical background presented above, the stable isotope 
values for the Farm bore sample indicates a combination of sulfate reduction and 
adsorption related to the replacement of saline water by fresher water.  The 
underlying saline groundwater is more reduced with a higher content of metal ions.  
Generally, temporal changes in most of the groundwater sampled from 
unconsolidated strata are not as significant.  This greater flux of solute in a bedrock 
outcrop has significance for longer-term salinity trends in the plain.  In coastal 
settings, fractured consolidated rock can act as a conduit for saline encroachment 
(e.g. Custodio, 1987; Howard and Mullings, 1996; Rosenthal et al., 1999). 
Interpretation of δ18OSO4 and δ18OH2O in groundwater 
The scatter plot of δ18OSO4 versus δ18OH2O (Figure 4) shows a degree of positive 
fractionation of δ18OSO4 in most samples.  To compensate for the effect of variable 
groundwater salinity and to distinguish between sulfate reduction and pyrite 
oxidation, ∆18OSO4-H2O rather than δ18OSO4 can plotted as the x-variable.  This 
approach allows comparison of the relative degree of fractionation by δ18OSO4 in 
relation to SO4/Cl (Figure 5) and also comparison with fractionation of δ34S (Figure 
6). 
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Figure 4: Scatter plot of δ18OSO4 versus δ18OH2O for selected groundwater samples, 
showing large variations for both parameters. 
 
 
 
 
 
 
 
 
Figure 5: Scatter plot of ∆18OSO4 versus SO4/Cl for selected groundwater samples, 
illustrating that both sulfur reduction and depletion are associated with an increase in 
∆18OSO4 relative to seawater 
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Figure 6: Scatter plot of ∆18OSO4-H2O versus δ34S for selected groundwater samples.  
Relatively high ∆18OSO4-H2O values for saline shallow groundwater samples may 
indicate redox cycling. 
Where negative fractionation of δ34S is relatively greater than for ∆18OSO4-H2O (Figure 
6), redox cycling is suggested.  Three saline to hypersaline shallow groundwater 
samples fall into this category (BH47, BH36, and BH12), although these samples do 
not represent a particular physical setting.  In fresher groundwater (samples BH7, 
BH16), the degree of δ18OSO4 fractionation is reduced.  Another way to view this 
result is to consider the ∆18OSO4-H2O values for these saline samples as anomalously 
high in light of their moderately high SO4/Cl ratios (approximately 0.25). 
Positive fractionation of both δ34S and ∆18OSO4-H2O indicates sulfate reduction.  The 
degree of fractionation in these samples is generally in agreement with the degree of 
SO4 depletion.  However, it is unclear as to why isotope values for sample BH13 
should indicate considerably greater reduction than for BH15. 
As was the case for δ34S, the two most hypersaline samples (BH60 and BH36) 
indicate significant differences in the degree of fractionation of δ18OSO4.  For the 
coastal borehole (BH60), the ∆18OSO4-H2O value is only marginally higher than for 
seawater (+12‰ cf. +9.5‰). 
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Relationship of fractionation to physical setting 
The general classification of “shallow aquifer” can be further categorised according 
to depositional setting, current land form and surface drainage patterns.  For instance, 
a number of the analysed boreholes are situated adjacent to drainage channels 
(Figure 1), i.e. boreholes BH15, BH47, BH10 and BH50, while other holes are 
situated way from channels and therefore closer to a groundwater divide (i.e. BH7, 
BH12, BH16, and BH36).  In the case of baseflow to streams, rates are likely to vary 
widely with location.  Samples from groundwater divides and discharge points can 
be expected to exhibit markedly different rates of change in both water levels and 
groundwater chemistry.  However, the results for the shallow groundwater samples 
do not indicate definite isotopic trends in terms of physical setting. 
In light of the limited amount of sampling and analysis, encompassing a variety of 
possible depositional settings, and the variety of possible processes affecting 
fractionation, consistent trends cannot be expected within the current sulfate isotope 
data.  However, the high degree of sulfate isotope fractionation observed indicates 
that more detailed spatial sampling, including sampling of other sulfur reservoirs, 
makes feasible the identification of sulfur transformations within particular 
groundwater chemical evolution pathways. 
The uncertainty in attributing hydrologic processes and hydrogeochemical reactions 
to the observed isotopic fractionation in the study area can be attributed to a number 
of factors.  For a more complete study of sulfur and sulfate isotopes in the region, 
apart from a employing a larger groundwater sample set, reservoirs other than 
groundwater sulfate must be investigated.  These include groundwater sulfide, and 
sulfur in rainwater, stream water, soil organic matter and sulfur-bearing minerals.  
Large gypsum crystals occur within shallow sediments in the plain and are therefore 
easily sampled.  Sampling of other minerals is more problematic.  Jarosite mottles 
are observed in sediment cores and pyrite is detected by XRD analysis.  These 
minerals are intimately associated with fine-grained sediments and sampling of these 
minerals would require methods as described in previous studies (e.g. Dowuona et 
al., 1992; Bottrell et al., 2000b). 
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CONCLUSIONS 
Preliminary analysis of stable sulfur and sulfate isotopes in groundwater in a sub-
tropical coastal plain indicates that detailed stable isotope analysis in conjunction 
with elemental chemical analysis is feasible for identification of various sources of 
groundwater sulfur.  In addition, the approach enables determination of the physical 
and chemical processes controlling sulfate enrichment and reduction relative to 
seawater.  There is a high degree of variability in the fractionation of both sulfur and 
oxygen stable isotopes in sulfate in the water samples analysed.  However, due to the 
complexity in sulfur isotope controls, including kinetic effects, this investigation is 
not conclusive with regard to sulfur sources and processes affecting sulfate 
concentrations.  The analysed samples represent a variety of geological settings 
within the plain, with associated variations in physico-chemical conditions and 
mineralogy.  A more comprehensive study of the fractionation processes would 
require data regarding sulfur isotope fractionation patterns in some of the reservoirs 
other than groundwater, e.g. local rainwater, stream water, soil organic matter and 
sediments. 
The following conclusions can be drawn from the available results: 
a) Those shallow groundwaters depleted in sulfate with respect to the seawater 
SO4/Cl ratio are typically also depleted in 34S.  Conversely, 34S enrichment is evident 
in basal groundwater where sulfate reduction has occurred. 
b) The high ∆18OSO4-H2O values for saline shallow groundwater samples provide 
further evidence that they are chemically dissimilar to mixtures of seawater and 
freshwater.  This has significance for the understanding of the interaction of surface 
water with groundwater and monitoring of saline encroachment. 
The incorporation of stable sulfate isotopic analysis of basal and bedrock 
groundwater is potentially effective in understanding solute migration within these 
formations. 
More detailed monitoring of groundwater would ideally investigate particular 
groundwater flowpaths, e.g. vertical flow in low permeability units or horizontal 
flow normal to streamlines.  Alternately, experiment design may involve monitoring 
temporal variations in the stable isotope composition of sulfate and other forms of 
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sulfur, e.g. temporal monitoring of stream chemistry.  The high variability observed 
in stable sulfate isotopes indicates the feasibility of both approaches. 
APPENDIX 
Field sampling 
Water samples were field filtered using 0.45 µm filters. 
Minimum sample required for the precipitation of 50 mg of BaSO4 (200 µM), 
i.e. 20 mg as SO4 is calculated.  Minimum for one analysis is 15 mg BaSO4 
(65 µM). 
Precipitation of BaSO4 
a) Filter sample solution through 0.45 µm Millipore. 
b) Rinse into beaker. Adjust pH to 4 using Merck indicator strips. (If neutral or 
alkaline use 1:5 HCl; if acid use 1:1 NH4OH). 
c) Heat to boiling on hot plate. 
d) Add 5 – 10 mL of 0.5M BaCl2 solution, without stirring. 
e) Either heat on water bath for two hours, or leave to stand overnight.  
f) Filter onto 0.45 µm Millipore and rinse well with deionised water. 
g) Oven dry for ~1 – 2 hours. Allow to cool and weigh BaSO4 and Millipore 
filter. 
h) Place sample in platinum crucible. Cover with lid. 
i) Heat slowly over Bunsen burner to combust filter.  When most of the filter is 
burnt off, remove lid and heat crucible to red heat. 
j) Leave to cool, weigh BaSO4 and place in a labelled vial. 
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GENERAL CONCLUSIONS 
The aim of this study was to examine in detail the hydrogeology of a low-lying 
coastal plain formed of layered unconsolidated sediments.  In the study, while a 
number of methods have been integrated, there was an emphasis on 
hydrogeochemical analysis.  It was recognised as a valuable hydrogeologic tool for 
determining the chemical properties of a coastal groundwater system and related 
hydrologic processes.  Drillhole logs, groundwater hydrodynamics (surface water and 
groundwater hydraulic head conditions), geophysics and mineralogy complemented 
hydrogeochemical information.  The following main findings were determined from 
the component parts. 
GEOLOGIC FRAMEWORK 
The geologic framework of the coastal plain was confirmed to be primarily a function 
of previous sea level variations and sediment deposition was analogous with that 
observed in other coastal settings.  The morphology of the underlying basement rocks 
and the morphology of sediment types were defined via drilling and geophysics.   
Bedrock is encountered at depths up to 60 m and both Mesozoic and Paleozoic rocks 
crop out at many locations within the plain, typically to heights of 10-15 m above sea 
level.  The unconsolidated sediment types within the plain vary greatly – ranging from 
coarse gravel to mud and clays - and consequently vary greatly in hydraulic 
properties, particularly permeability.  Gravel deposits occur within a matrix of fluvial 
sand clays in paleo-valleys incised into bedrock.  Low-permeability layers at 15-25 m 
depth consist mainly of estuarine mud and lagoonal mud.  Fine to medium-grained 
delta sands occur at depths up to 15 m.  Due to regular floods, most of the delta sands 
are overlain by fine-grained organic rich alluvial horizons. 
GROUNDWATER HYDRODYNAMICS AND NUMERICAL MODELLING 
Considering only groundwater hydrodynamic information, the following observations 
and interpretations were important in the understanding of the hydrogeology of the 
plain. 
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• Water levels in the shallow aquifer system are closely correlated with local 
precipitation, indicating unconfined aquifer conditions and local precipitation 
as the predominant recharge process. 
• In the basal aquifer system, water levels are less responsive to precipitation 
and suggest a degree of semi-confinement. 
• In the artificially channelised surface drainage, water levels are frequently 
drawn to approximately 0.5 m below sea level.  At the same time, water levels 
in both adjacent and distant boreholes may be drawn to even lower levels in 
the landward part of the plain.  This indicates low stream-groundwater 
interaction, although interaction is greater in the seaward part of the plain 
where sediments are generally more permeable.  Reversal of flow, i.e. saline 
encroachment from streams into the shallow aquifer was insignificant over the 
measurement period. 
• The separation of the upper and lower aquifer systems by aquitards at 
intermediate depth justified the numerical flow modelling of the shallow 
system as a separate horizontal layer.  A few bores of intermediate depth 
showing semi-confined behaviour and were omitted from the analysis.   
• A water budget and a numerical groundwater flow model provided estimates 
of gross groundwater recharge (46% of precipitation) and water uptake by 
plants from the shallow groundwater system (between 44 and 54% of 
precipitation).  As a result, net groundwater recharge was negligible.  Further 
testing provided estimates of baseflow and saline encroachment for various 
riverbed conductance estimates (25-200 m2/day).  Baseflow estimates varied 
between 5% and 17% of precipitation.  Assuming some non-linearity in 
surface water-groundwater interaction, reverse flow was negligible.  Net saline 
encroachment of 3-4% is considered to be an overestimate, possibly due to 
underestimation by the model of groundwater levels near the coast. 
• Freshwater-corrected hydraulic heads in the basal system are generally higher 
than in the shallow system.  If this pressure is transferred from the surrounding 
bedrock, the high salinity of the basal groundwater cannot be explained in a 
steady state flow model.  This “over-pressure” can be regarded as anomalous 
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and the dominant control over pressure in the basal aquifer remains 
unresolved.  Possible pressure-generating effects that are not considered in 
most settings are osmotic pressure (e.g. Neuzil, 2000; Soler, 2001) or 
subsidence (e.g. Kooi, 1999; Holzbecher, 2002).  Based on simple freshwater 
heads, the hydraulic gradient within the basal aquifer system of the Pimpama 
plain is landward. 
• Due to the complex geometry of the drainage network and the chaotic flows 
within it, available streamflow data from other sources (Ray and Gardner, 
2001) was not considered to be sufficient for quantification of flow.  The 
uncertainty in inverse numerical flow modelling of the plain, particularly with 
regard to stream-groundwater interaction, highlights the problems with 
reliance on hydrodynamic analysis.  With inverse flow modelling generally, 
the groundwater flow equations may provide non-unique solutions, i.e. a 
variety of aquifer parameter sets may simulate similar results. 
HYDROGEOCHEMISTRY 
Hydrogeochemical analysis provides further data that may be either reconciled with 
hydrodynamic results or may be used to actually constrain flow models (e.g. Gieske 
and De Vries, 1990; Stigter et al., 1998).  An important finding of this study is that 
various sources of salinity and solute concentration processes are distinguished. 
Salinity 
In the study area, due to the correlation between electromagnetic response and 
salinity, the salinity distribution was successfully determined.  Much of the stored 
salts in the unconsolidated measures are relict salinity as distinct from recently 
encroaching seawater, therefore, the salinity distribution cannot be considered to be in 
equilibrium or related only to recent encroachment of seawater. 
While groundwater ages have not been confirmed by radiometric means, the storage 
of salt in aquitards (or low permeability mud) at intermediate depth provides empiric 
evidence of their age.  The relationship of relict salinity to low permeability 
sediments, particularly at intermediate depths, and their depositional history was 
examined.  Vertical salinity gradients and water chemistry within these sediments 
varied according to position within the plain, suggesting deposition under various 
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hydrological and sea level regimes.  For this reason, it was concluded that further 
chemical analysis was required. 
Mineralogy and geophysics 
The degree of deposition and diagenesis of minerals, particularly within aquitards, 
also varies greatly across the plain.  The distribution of carbonate and sulfur-bearing 
minerals within the plain indicates the history of deposition of sediments and the 
likely salinity sources in different sediment types.  High responses in downhole 
magnetic susceptibility measurements show correlation with the position of aquitards.  
While the iron hydroxides are suggested as the minerals associated with high 
responses; responses are not significant in horizons with significant amounts of 
sulfides.  In those mud measures where the degree of mineralisation is low, 
hydrochemical trends suggest freshening via a combination of solute transport 
processes, i.e. diffusion and advection.  The detection of magnesite, in the absence of 
other carbonate minerals, was unexpected and may be indicative of decreasing salinity 
and pH in low-permeability materials. 
Water chemistry 
Generally, hydrochemical analysis distinguished water types within the various 
unconsolidated sedimentary units.  Specific hydrochemical results and interpretations 
are as follows: 
• Trends in major ion chemistry in the semi-confined system (particularly Na/Cl 
and Ca/Cl ratios) are characteristic of ion exchange accompanying saline 
intrusion in the basal aquifer.  However, major ion chemistry does not clearly 
identify solute flux trends in the shallow aquifer system.  Additional factors 
controlling major ion ratios in the shallow aquifer may include mineral 
dissolution, agricultural crop removal, fertilizer addition, and diffusion from 
underlying aquitards.  Importantly, evidence of saline encroachment in the 
unconfined shallow groundwater system was not identified. 
• Temporal variations in hydrochemistry between December 1999 and October 
2001 were not significant for most monitoring boreholes.  The exceptions 
were two boreholes within a bedrock outcrop and adjacent to a drain.  For the 
latter sample, both stable water isotope analysis and water chemistry indicate 
some reversal of flow, i.e. saline encroachment from streams into the shallow 
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aquifer.  However, the use of data gained from near-stream bores is subject to 
the same limitations noted for near-stream hydrodynamic information 
(Rushton and Tomlinson, 1979).  Both measurement techniques optimally 
require a number of measurement points located along flow paths.  Both 
techniques are hampered by the drainage network complexity mentioned 
above. 
• Saturation indices and Sr/Ca ratios indicate that salinity is high enough for 
gypsum solubility to affect water chemistry.  However, salinity is not high 
enough for significant detection (via Cl/Br ratios) of halite-dominated 
evaporites.  Within this salinity range, sulfur chemistry (e.g. SO4/Cl) 
distinguishes between water types. 
• Surface water during baseflow conditions is chemically similar to a mixture of 
seawater and fresh water.  This indicates that groundwater discharge to 
streams is a minor component of baseflow, at least not from the tidal delta 
sands in the centre of the plain.  This finding supports the hydrodynamic 
evidence. 
Stable isotopes 
• Stable water isotope analysis (δ18O and δ2H) indicated the provenance of fresh 
and saline groundwater and also the relative importance of the principal 
hydrologic processes, i.e. evaporation and transpiration.  Groundwater 
exhibited a wide range in salinity, from very fresh to hypersaline.  The 
formation of hypersaline groundwater was attributed largely to transpiration of 
saline water by mangrove forests.  While evapotranspiration has been 
identified as the predominant recent hydrologic process in this location, 
evaporative concentration may predominate in similar coastal settings.  Some 
of this groundwater represents relict salinity from the Holocene maximum sea 
level.  Stable water isotope analysis also indicated some surface water-
groundwater interaction, however, the majority of the groundwater salinity is 
not related to recent saline intrusion. 
• Limited analysis of stable sulfate isotopes (δ34S and δ18OSO4) indicates the 
potential of this technique for quantification of solute flux and sulfur chemical 
transformations within the plain.  Sulfur is almost completely depleted in 
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many water types via either pyritisation (as indicated by δ34S) or sulfate 
retardation. 
OUTCOMES OF THIS STUDY 
In summary, the following points are key findings of this research project: 
• The Pimpama coastal plain in southeast Queensland is a multi-layer 
heterogeneous aquifer system, with a shallow unconfined and deeper semi-
confined aquifer. 
• The salinity distribution within groundwater is related to previous sea-levels, 
current landforms and stratigraphy.  Different processes, and not solely 
seawater encroachment, have produced saline and hypersaline groundwater 
bodies.  The vertical salinity distribution is not represented by a typical 
intruding seawater wedge.  Saline encroachment occurs in the basal aquifer 
and in some seaward wetland. 
• Elevated heads in deeper wells may be related to hydraulic connection with 
bedrock outcrops and reflect the potential for upwelling of saline groundwater 
into shallower layers. 
• Evapotranspiration is currently the dominant groundwater discharge 
mechanism, and is also mainly responsible for the formation of hypersaline 
groundwater during previous sea level highs.  Due to the modern rate of 
evapotranspiration from the saturated zone being equivalent to gross 
groundwater recharge, net recharge to groundwater over a 93-week 
measurement period was negligible. 
• Discharge to streams is variable across the plain and is likely to be not linearly 
related solely to hydraulic gradients between streams and aquifers.  Both 
hydrogeochemistry and hydrodynamics indicated saline encroachment to the 
shallow aquifer is not significant. 
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EXECUTIVE SUMMARY 
In 1998, the QUT School of Natural Resource Sciences won a research grant jointly 
funded by the Natural Heritage Trust and the Gold Coast City Council to conduct a 
groundwater assessment of the Pimpama coastal plain. 
The Pimpama coastal plain is located at the southern end of Moreton Bay, 60 km 
south of Brisbane. The area is primarily used for sugar cane production. Other uses 
are ti-tree production, dairying and residential. Currently, groundwater extraction is 
limited, being mainly for establishment of sugar cane crops. 
In conjunction with increased urbanisation and industrialisation in the Beenleigh area, 
it is planned that large volumes of treated recycled water be made available for 
irrigation in the coastal plain in the near future. It is desirable to know the effects of 
this irrigation on groundwater levels and quality, and also to know the effects on the 
quantity and quality of water discharging to channels and directly to Moreton Bay. 
The project objectives as outlined in the application were: 
1) to provide baseline data required for effective groundwater management, 
2) to develop an understanding of how groundwater occurs, where it recharges, where 
and how it flows, and where it discharges, and 
3) to provide predictions of the likely impacts to groundwater bodies and surface 
water composition if large volumes of additional water are introduced. 
The expected outcomes from this study are: 
1) A general description of the groundwater flow system; the local geology, and the 
chemistry of the groundwater, and 
2) All information to be incorporated into a groundwater model for assessment and 
projections. 
The conclusions from field observations, interpretation of observations and further 
interpretation based on computer modelling are; 
1) Groundwater salinity is highly variable across the plain, ranging from fresh to 
hypersaline. Furthermore, groundwater chemistry indicates that groundwater 
composition is not the result of simple mixing of fresh rainwater and seawater. The 
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majority of saline groundwater is likely to be relict groundwater, its occurrence being 
due to poor flushing of the aquifer systems. 
2) Shallow groundwater ranges from being fresh and brackish in elevated sandy areas 
to saline and hypersaline in lower lying areas. Deeper groundwater is brackish to 
hypersaline. 
3) Over an 18-month monitoring period, there was generally little change in 
groundwater quality within bores, with no discernable trend of increasing salinity. 
4) Density-corrected groundwater levels in shallow bores responded quickly to 
rainfall events. Bore yields vary from very low to moderate. 
5) Density-corrected groundwater levels in deeper bores were generally elevated 
above those in the shallow aquifer and indicate a slower response to rainfall events. 
Based on water levels in 5 deeper groundwater bores, the hydraulic gradient in the 
deeper aquifer is generally landward. The processes causing this "overpressure" is 
conjectured to be either hydraulic connection with bedrock outcrops within the plain, 
or on-shore and offshore subsidence. In these 5 deeper bores, yields vary from 
moderate to high. It is likely that lower yields are in part due to bore installation not 
being optimal, i.e. the aquifer transmissivity may be underestimated by the bore yield 
in some cases. 
6) Numerical modelling indicates that evapotranspiration is the predominant 
groundwater discharge process in the shallow aquifer. Drainage via permanent 
drainage channels is a secondary but significant discharge process. 
7) Salinity is a major control over rates of evapotranspiration. High salinity is 
associated with reduced rates of evapotranspiration. Due to vertical stratification of 
salinity, groundwater bore salinities do not correspond directly to the salinity of water 
taken up by overlying vegetation. In other words, groundwater salinity generally 
increases with depth, possibly due to both the incomplete flushing of relict saline 
water and the upward migration of saline water from underlying marine clays. 
8) Based on temporal variations in groundwater levels, permanent channels within the 
plain exhibit variable connectivity with shallow aquifers. Groundwater-surface water 
interaction (as indicated by estimated riverbed conductances) is more significant 
toward the coast, that is, where sediments are coarser-textured. The bore network does 
not adequately estimate riverbed conductances in the western part of the coastal plain, 
that is, in the Gilberton area. However, streamflow data indicates that baseflow from 
this part of the plain may be significant. 
Recommendations for groundwater monitoring and management are; 
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· In order to monitor the effects of recycled water application, the location and 
spatial density of groundwater bores installed should be optimized to estimate 
groundwater-river interaction at the particular location. A gauge board should be 
located within channels adjacent to groundwater monitoring bores so that 
groundwater and surface water levels can be compared. 
· A number of bores should also be nested (i.e. screened at various depths with the 
aquifer at the same location) in order to monitor the vertical distribution of water 
quality. 
· In order to further investigate the possibility of injection of wastewater or recycled 
water into the deeper unconsolidated sediments, additional bores screened within 
this aquifer are required. The recommended site for further deep drilling is in the 
vicinity of Woongoolba Community Hall. It is envisaged that the depth to 
consolidated bedrock in this part of the coastal plain is approximately 50m. The 
unconsolidated sediments immediately above bedrock are likely to have high 
transmissivity. 
The data collected during this study that is relevant to formulation of a working 
numerical model of groundwater flow is summarized in this report. The data, 
including Mapinfo and Excel tables of bore details, water levels and groundwater 
chemistry, is presented more comprehensively in a separate volume (both CD-ROM 
and hard copy). 
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Glossary of hydrogeological terms 
Aquifer – a geological layer that allows significant movement of groundwater. 
Aquifers may be unconfined (exposed to atmospheric pressure with a water table as 
an upper surface), confined (shielded from atmospheric pressure by an over lying 
impermeable layer and fully saturated), or semi-confined. Semi-confined aquifers may 
vary in their water storage characteristics depending upon their degree of saturation 
(see Specific yield, Specific storage). 
Aquitard – (also referred to as a semi-confining layer) a geological layer that 
significantly retards the movement of groundwater but in the case of an underlying 
layer allows some vertical recharge to it. 
Baseflow – the groundwater component of discharge to streams. This component of 
discharge to streams is released more gradually and over a longer time scale than 
overland surface flow to streams. 
Conductance, riverbed – a measure of the velocity at which water can be transmitted 
through a relatively low permeability riverbed, either from the aquifer to the river or 
vice versa. For constant river reach length and riverbed thickness, the rate is a 
function of the difference between groundwater head and surface water level and the 
permeability of the riverbed sediment. The units of measurement are length/time (e.g. 
m/day). 
Conductivity, hydraulic – a measure of the velocity at which groundwater can be 
transmitted through a unit thickness of aquifer. The units of measurement are 
length/time (e.g. m/day). 
Evapotranspiration – the combined processes of evaporation and transpiration by 
plants of surface water, soil water and shallow groundwater. The units of 
measurement are length/time (typically mm/day). 
Hydraulic head – a measure of the water pressure within an aquifer at the depth of 
the bore screen. This may either be equal to or differ significantly from water table 
elevation at a given location. In bores containing saline groundwater, measured 
hydraulic heads are converted to an equivalent weight of freshwater (“freshwater 
heads”). Freshwater heads may be significantly higher than the measured hydraulic 
heads. 
Hypersaline, hypersalinity – is salinity higher than that of seawater, and is attributed 
to concentrative processes, that is, transpiration and / or evaporation acting upon 
water mainly of marine origin. 
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Leakance, vertical – a measure of the velocity at which water can be transmitted into 
an aquifer through an overlying or underlying aquitard. 
Paleochannel – a river channel formed in the geological past during a period of lower 
sea level that has since been in-filled and covered over by other sediments. The 
sediments within the paleochannel can provide a pathway for preferred groundwater 
flow. 
Porosity – the void fraction of a soil or sediment. Typical values range from 0.2 (or 
20%) in silty sands to 0.4 (or 40%) in clean sands, to 0.7 (or 70%) in clays. 
Semi-confined aquifer, semi-confining layer – see Aquifer, Aquitard. 
Specific yield – the fraction of a soil or sediment that contains drainable water. 
Typical values range from 0.05 (or 5%) to 0.4 (or 40%), and are generally less than 
the associated porosity. 
Specific storage – the fraction change in volume of an aquifer in response to a unit 
pressure change. This fraction can be many orders of magnitude lower than the 
specific yield. In a confined aquifer, there is no variation in the degree of saturation. 
Therefore, in a confined aquifer the specific storage is the only storage property 
affecting fluctuations in hydraulic head. In a semi-confined aquifer, the extent to 
which specific storage and specific yield control hydraulic head fluctuations depends 
upon the degree of saturation. 
Transmissivity – a measure of the rate at which an aquifer can supply water to an 
extraction well. The units of measurement are length2/time (e.g. m2/day). The 
transmissivity is equal to the hydraulic conductivity the times the aquifer thickness 
(e.g. a 10 m thick aquifer with a hydraulic conductivity of 10m/day has a 
transmissivity of 100 m2/day). 
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1. Introduction 
In 1998, the QUT School of Natural Resource Sciences won a research grant jointly 
funded by the Natural Heritage Trust and the Gold Coast City Council to conduct a 
groundwater assessment of the Pimpama coastal plain. 
The project objectives as outlined in the application were: 
1) to provide baseline data required for effective groundwater management, 
2) to develop an understanding of how groundwater occurs, where it recharges, where 
and how it flows, and where it discharges, and 
3) to provide predictions of the likely impacts to groundwater bodies and surface 
water composition if large volumes of additional water are introduced. 
In order to meet these objectives, the following tasks were carried out: 
1) An inventory of existing bores. 
2) A salinity survey of the shallow groundwater to a depth of 5m. 
3) A drilling program, involving the drilling of one shallow borehole and five deeper 
boreholes and the establishment of six additional monitoring bores. 
4) Monthly measurement of groundwater and surface water levels. 
5) Quarterly measurement of groundwater and surface water chemistry. 
6) Simulation of groundwater flow during the measurement period by distributed 
groundwater model was conducted using MODFLOW software. The groundwater 
modelling methodology as outlined in the standard guide ASTM D5447-93 (ASTM, 
1993) was adopted. 
The key steps adopted in the modelling methodology are as follows; 
a) Data collation. Input data includes climate data, aquifer dimensions and hydraulic 
parameters. 
b) Conceptual model. Interpretation of the geologic and hydrologic framework of the 
area. 
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c) Model suitability. The type of numerical model suitable for simulation of aquifer 
conditions depends on a number of factors, for example, a finite-difference numerical 
model is not suitable where variations in groundwater density are large enough that 
density is the major control over groundwater flow. Furthermore, it may be necessary 
to considered more than one hydrogeological horizontal layer. Many model types are 
only suitable for simulating one layer. 
d) Sensitivity analysis and calibration. In calibration, parameters are adjusted until 
model output corresponds with observations. Sensitivity analysis quantifies the 
uncertainty in the calibrated model (ASTM D5611-94, 1994). 
e) Validation requires a separate set of data. In the case of groundwater flow, this 
may be a separate set of groundwater levels. In this sense, the preliminary model will 
not be validated. However, validation may not be required prior to performing 
predictive simulations if a comprehensive sensitivity analysis has been carried out. 
f) Prediction. Provide predictions of groundwater response to various scenarios (e.g. 
various land irrigation scenarios). The ability to provide predictions will depend upon 
the degree of success in calibration and validation. 
2. Background 
2.1 Physical setting 
The Pimpama coastal plain is situated in southern Moreton Bay, Queensland, between 
two large tidal rivers (the Logan to the north and the Coomera to the south) (Figure 1). 
The plain is a low-energy system behind large sand barrier islands, North Stradbroke 
Island and Moreton Island. 
The climate of southeast Queensland is sub-tropical with mildly episodic rainfall. The 
mean annual rainfall in the Pimpama area is 1420 mm with maximum rainfall during 
summer and early autumn, December to April. At this time of year, prevailing winds are 
from the southeast and as a result rainfall chemistry is predominantly of marine rather 
than of continental character (i.e. of Na-Cl water type). 
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Figure 1: Location of the Pimpama coastal plain. 
2.1 Landuse and demographics 
Only limited extraction of groundwater occurs in the area and tends to be for local 
domestic use, rather than for any large-scale irrigation. Currently, the limited 
agricultural use of groundwater is mainly for establishment of crops, sugarcane and 
some other limited livestock. 
In conjunction with increased urbanisation and industrialisation in the Beenleigh area, 
it is planned that large volumes of treated recycled water will be made available for 
irrigation of cane fields and for rejuvenation of wetlands in the near future (Northern 
Wastewater Strategy Advisory Committee, 1996). It is desirable to know the effects 
of this irrigation on groundwater levels and quality, and also to know the effects on 
the quantity and quality of water discharging to channels and directly to Moreton Bay. 
Use of recycled water to recharge groundwater is considered desirable due to; 
· wet weather storage when irrigation demand was low 
· natural dilution and attenuation of contaminants. 
Possible groundwater recharge strategies considered by the Northern Wastewater 
Strategy Advisory Committee were: 
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· recharge of alluvial sands and gravels along the west side of the coastal plain; 
· recharge of local shallow sand lenses within the plain, and 
· recharge of the sand dune system (e.g. around Jacobs Well). 
The first of these options was preferred and would involve retention basins being 
excavated to a depth of 5 to 6 m so that water could permeate into more permeable 
sediments. 
2.3 Hydrology and drainage system 
The Logan River forms the northern border of the coastal plain (Figure 1). The three 
main drainage lines within the plain south of the Logan River are the Pimpama River 
and Behms Creek, both flowing into Moreton Bay, and Sandy Creek, which flows 
northeast to the Logan River. 
Since the mid-1970s, the hydrologic framework of the whole coastal plain has been 
dramatically modified to varying extents by constructed drainage networks. Rivers and 
creeks in the plain have been channelised. Typical widths are 50 m and typical depths 
are 1.5 m. Tidal gates have been installed at the outlet of these channels. Smaller 
channels (e.g. the Bremerhaven drain in the north-east of the plain) also have tidal 
gates at their outlets. 
Monthly averaged water levels in channels are near the low tide mark, indicating that 
the tidal gates are effective. Many culverts with the plain function as "sills" that 
restrict flow between channels during periods of lower surface water levels. With 
higher surface water levels, the channels are largely interconnected. Smaller ancillary 
drains generally dry out during a normal year and feed the permanently inundated 
channels. The distribution densities of both drains and channels are greater in the 
lower- lying areas. The advent of laser- levelling has allowed on-going reduction in 
drainage density and also gentler ground surface gradients within paddocks. 
The water circulation pattern within the main drainage network is complex. Road 
culverts within the plain act as "sills", that is, structures that restrict surface water 
movement during low tidal stages. As a result of the control over surface water 
movement by these sills and the tidal gates, the surface water levels within the drainage 
system are not strictly tidal. Tide times also differ between the tidal gates which may 
occasionally affect circulation patterns. 
To further complicate the surface hydrology, the efficiency of the tidal gates in 
preventing the leakage of saline water from Logan River and Moreton Bay has varied 
over time. Generally, water levels within the drainage network are between mean sea 
level and the low tide level, only rising during significant rainfall events. Otherwise the 
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water levels show a damped tidal effect for much of the tidal cycle.  However, when 
daily low tides are increasing, the seaward and upward-swinging gates tend to remain 
closed. As a result, channel hydrographs show two non-tidal rising limbs and two tidal 
falling limbs per lunar cycle with a typical range of 0.3 m. The efficiency of the tidal 
gates is hampered by gate design and by material being caught in the gates. This allows 
some flushing of the channels with seawater. 
Although groundwater within the unconsolidated sediments varies from fresh to 
hypersaline, the occurrence of freshwater within parts of the shallow aquifer indicates 
effective recharge by precipitation. This fresh groundwater is of limited extent and 
being of precipitation origin, its distribution is controlled by surface topography, 
infiltration rates and the extent of interaction with underlying saline clays. 
Streams flowing from the landward ranges are fresh and alkaline (pH 7-9). During low 
flow periods, stream water is more representative of groundwater from the Paleozoic 
rocks, as indicated by increased Mn and bicarbonate concentrations. After significant 
rainfall events, these streams are principally responsible for short-term freshening of the 
channels in the coastal plain. Generally, flow in Hotham Creek and the Pimpama River 
is minimal and therefore any baseflow within the coastal plain during on-rain periods is 
considered to be primarily derived from groundwater within the coastal sediments. 
3. Previous research and related studies 
Previous geological and sedimentological studies in the Pimpama area have been 
related to sand and coal exploration, water resources and drainage investigations, and 
environmental studies. 
As part of a drainage feasibility investigation, Watkins (1962) and Laycock (1963) 
reported on the hydrogeology of the Pimpama island area. Interestingly, Watkins 
considered that the high groundwater salinity within the plain could be attributed to 
incomplete flushing since inundation by the sea thousands of years ago, that is, saline 
groundwater within shallow aquifers is generally "relict". He also predicted that saline 
intrusion due to water table lowering was likely to be insignificant due to the low 
hydraulic gradients involved. However, a greater potential for groundwater 
contamination was presented by upward migration of relict saline groundwater. 
In assessing the groundwater resources of the Logan-Nerang Rivers region, 
Quarantotto (1979) assessed the groundwater potential of dune and estuarine deposits 
in the Pimpama coastal plain to be limited, with the possibility of saline intrusion if 
over-exploited. Estimated potential annual evapotranspiration for the region was 
estimated to be in the order of 820-850 mm. 
In order to assess the agricultural suitability of the plain, Holz (1979) 
comprehensively mapped the distribution of soil types in the area. The soils of the low 
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bank areas were described as humic gleys (organic-rich poorly drained soils). They 
were subdivided into landward fine textured soils and seaward medium textured soils. 
The soils of the freshwater swamp areas and mangrove swamp areas were described 
as either peaty gleys or saline gleys. The soils on the beach ridge sediments of Jacobs 
Well and part of Greenmeadows were described as siliceous sands or groundwater 
podzols (infertile well-drained soils). 
More recently, studies of the area have been related to the environmental impacts of 
current and potential land and water management practices. Mapping of the 
distribution of pyritic sediments and inventory of acid and nutrient export from the 
Pimpama coastal plain were carried out by the Department of Natural Resources and 
Mines (Ray and Gardner, 2001; Cook et al., 2000). 
As components of this hydrogeological study, QUT postgraduate students have 
carried out the following studies within the plain: 
1) Determination of bedrock morphology (Grimison, 1999). Using seismic refraction, 
the depth of the consolidated basement was mapped. The depth to basement (up to 70 
m) was greater than had previously been estimated, 
2) Hydrogeology of Jacobs Well (Wheeler, 1999). The shallow aquifer was regarded 
as being a separate hydrogeological unit from the rest of the coastal plain and due to 
beneficial use of the groundwater by the township warranted a separate 
hydrogeological study, which involved mapping the extent of the freshwater resource, 
and 
3) Stratigraphy of unconsolidated sediments (O'Donnell, 1999). Based on five deep 
boreholes and on previous drilling within the unconsolidated units of the plain, the 
general stratigraphy was determined. 
4. Conceptual model 
4.1 Geologic framework 
The flood plain forms the coastal strip of a drainage basin of approximately 244 km2. 
The topographic divide is a low mountain range (the Darlington Range) that rises to 300 
m above sea level to the west of the plain (Fig. 2). The plain itself is approximately 123 
km2 in area and a further 25 km2 of alluvial deposits occurs principally along stream 
valleys that flow from the Darlington Range. The relief of most of the plain is 
negligible; it is mostly <5 m above sea level and many parts are <1 m above sea level. 
The Darlington Range is comprised of metamorphosed Paleozoic rock; within the 
coastal plain are outcrops of overlying Mesozoic-age sedimentary units. Faulting and 
variations in lithology add complexity to the general seaward dip of the bedrock 
(Grimison, 1999). Paleozoic units have low potential as aquifers. Mesozoic units 
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occurring as outcrops within the coastal plain are capable of yielding limited amounts 
of groundwater. 
The unconsolidated geology of the coastal plain is similar to other coastal plains 
worldwide that have been subject to deposition in the Holocene (i.e. during the last 
post-glacial sea level rise). The shallow sandy sediments and the underlying clays are 
primarily related to deposition in a marine environment and represent the shallow 
aquifer and aquitard, respectively. The deeper coarser sediments have a mixed fluvial 
and marine influence and represent the basal aquifer. Previous radiocarbon dating (e.g. 
Lockhart et al., 1998) has confirmed that the majority of the unconsolidated sediments 
were deposited during the last major sea level rise (from 20,000 years before present), 
and this sedimentation represents rapid embayment infilling. Unconsolidated sediments 
occur to the north of the Logan River but are limited in extent and are bounded to the 
north by outcropping Paleozoic rocks. 
Approximately 100 years ago, the tidal range within southern Moreton Bay increased 
due to formation of a tidal inlet through the barrier islands. More recently, the lower 
lying parts of the plain have been subject to deposition controlled by fluvial flood 
events, which has implications for the variation in hydraulic parameters and infiltration 
rates across the plain. Within the clayey units, bioturbation indicative of an intertidal or 
supratidal setting is evident. 
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Table 1. Summary of shallow borehole dimensions and locations. 
Borehole 
identification 
– numerical 
model I.D. 
Easting (m) 
AMG Zone 
56 (AGD 84) 
Northing (m) 
AMG Zone 
56 (AGD 84) 
Ground 
level 
(m AHD) 
Top of 
collar 
(m AHD) 
Depth (m) / 
internal diameter 
(mm) 
Screen length (m) / 
depth intervals (m) 
BH7 - #1 531 375 6 932 408 1.90 2.81 8.3  /  67 1.0  /  6.60 - 7.60 
BH8 - #2 530 709 6 932 372 0.82 1.55 6.5  /  67 1.0  /  4.97 - 5.97 
BH10 - #3 532 111 6 932 738 0.81 1.61 8.6  /  67 1.0  /  7.15 - 8.15 
BH12 - #4 530 556 6 930 353 1.63 2.44 8.2  /  67 1.0  /  6.69 - 7.69 
BH13 - #5 529 813 6 929 916 0.50 0.50 8.2  /  67 1.0  /  6.70 - 7.70 
BH14 - #6 528 579 6 928 009 1.65 2.33 10.7  /  67 1.0  /  9.70 - 10.70 
BH15 - #7 527 322 6 930 332 0.33 1.04 6.5  /  67 1.0  /  5.02 - 6.02 
BH16 - #8 528 540 6 930 243 1.61 2.23 3.9  /  67 1.0  /  1.60 - 2.60 
BH18 - #9 527 459 6 928 944 0.70 1.41 14.0  /  67 1.0  /  12.90 - 13.90 
BH19 - #10 532 847 6 931 991 1.62 2.61 10.6  /  67 1.0  /  9.06 - 10.05 
BH21 - #11 531 748 6 929 019 1.73 2.52 5.2  /  67 1.0  /  3.72 - 4.72 
BH23 - #12 533 882 6 932 125 0.35 0.34 14.5  /  67 1.0  /  13.04 - 14.04 
BH24 - #13 534 124 6 933 619 1.01 2.13 6.0  /  67 1.0  /  4.5 - 5.5 
BH26 - #14 530 039 6 931 465 1.74 2.75 4.2  /  67 1.0  /  3.2 - 4.2 
BH28 - #15 531 400 6 931 200 1.03 2.08 4.7  /  67 1.0  /  3.45 - 4.45 
BH36 - #16 
 
530 671 6 925 766 0.65 0.72 5.0  /  42 0.6  /  4.4 - 5.0 
BH45 - #18 530 163 6 924 804 0.41 0.43 7.5  /  42 0.6  /  2.9 - 3.5 
BH47 - #19 531 619 6 925 375 0.33 0.41 7.0  /  42 0.6  /  6.35 - 6.95 
BH50 - #20 530 736 6 927 185 0.34 0.38 4.0  /  42 0.6  /  3.4 - 4.0 
BH51 - #21 532 681 6 926 018 0.50 0.50 7.1  /  42 0.6  /  6.5 - 7.1 
BH53 - #22 534 545 6 923 155 1.23 1.19 3.5  /  42 0.6  /  2.9 - 3.5 
BH54 - #23 534 110 6 925 537 0.71 0.78 5.5  /  42 0.6  /  4.9 - 5.5 
BH55 - #24 533 931 6 926 039 1.08 1.11 5.5  /  42 0.6  /  4.9 - 5.5 
BH56 - #25 535 435 6 925 362 0.29 0.28 13.5  /  42 0.6  /  12.9 - 13.5 
BH58 - #26 532 828 6 929 482 0.94 0.96 9.4  /  42 0.6  /  8.79 - 9.39 
BH60 - #27 535 313 6 926 037 0.70 0.74 10.9  /  42 0.6  /  10.3 - 10.9 
JW1 - #28 535 699 6 926 951 3.44 4.09 10.0  /  50 3.0  / 7.0 - 10.0 
 
4.2 Hydrologic framework 
Groundwater salinity 
Initial field testing in April 1999 involved an overland survey of the coastal plain 
using a vehicle-drawn electromagnetic sonde (a Geonics EM31). Due to wet weather, 
most of the traverse was restricted to bitumen and gravel roads. Selected areas were 
also traversed on foot. The EM31 sonde was used to measure apparent conductivity at 
a depth of 5 m. For the areas traversed by foot, it was also possible to measure 
apparent conductivity at a depth of 3 m.  Apparent conductivity readings at sites 
adjacent to monitoring bores showed good correlation with measured groundwater 
salinity (Figure 2).  
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Use of electromagnetic induction to indicate salinity trends is well suited to this 
particular setting because the depth of the shallow aquifer is greater than 6 m in depth 
over most of the plain. 
 
 
 
 
 
 
 
 
 
Figure 2: Contours of apparent conductivity at a depth of 5 m across the 
Pimpama coastal plain. Light shading indicates low salinity, dark shading 
indicates high salinity. White dots show condensed measurement points, 
including bogus points at edge of outcrop. 
Downhole geophysical testing (gamma log, temperature, EM and magnetic 
susceptibility) was also carried out in all deeper boreholes within unconsolidated 
strata. A Geonics EM39 sonde provided indication of vertical salinity distribution.  
Downhole profiles of apparent conductivity readings were compared well with 
porewater electrical conductivities. 
Fresh and brackish groundwater is generally restricted to slightly elevated low banks, 
the geomorphic features described by Watkins (1962) (Figure 3), while saline and 
hypersaline groundwater underlies those areas described as either freshwater swamp 
or mangrove swamp. The results indicate that generally fresh groundwater in the 
coastal plain is restricted to the Jacobs Well area and parts of Woongoolba (Figure 3). 
Further analysis of apparent conductivity measurements on the basis of land units 
(Figure 4) clearly indicates that the modal minima values for individual sand banks 
show definite spatial trends. 
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Figure 3: Geomorphic features of the Pimpama coastal plain described by Holz 
(1979). Light and dark yellow zones denote medium and fine grained low banks 
respectively, surrounded by low lying humic swamps. The olive green banks in 
the south-east are relict beach ridges. 
The occurrence of saline groundwater under areas that were freshwater swamp prior 
to channelisation is probably due to extensive mangrove forests associated with the 
previous high sea level (6,000-6,500 years ago) and also to the recent ingress of saline 
surface waters (Harbison and Cox, 2002). 
Groundwater and surface water levels  
Between December 1999 and October 2001, water levels in groundwater bores were 
measured at approximate intervals of one month (Appendix A). Where drainage 
structures occurred adjacent to monitoring bores, these were surveyed as reference 
marks for surface water levels  by Gold Coast City Council surveyors. Extensive use 
was also made of automatic water level measurements from monitoring stations 
established by the Department of Natural Resources and Mines (Ray and Gardner, 
2001). 
Groundwater and surface water chemistry 
Physico-chemical (pH, temperature, electrical conductivity, Eh, density, dissolved 
oxygen) and standard chemical analyses (Na, Ca, Mg, K, Sr, Mn, Fe, Zn, Al, Cl, SO4, 
Br, NO3, F, phosphate, alkalinity) were carried out on groundwater samples and 
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surface water samples (Appendix B). Selected bores were sampled quarterly (on 8 
occasions), and most bores were sampled on 5 occasions. Selected samples were also 
tested for environmental isotopes (2H, 18O, 34S, and SO4-18O), principally in order to 
better understand hydrologic processes such as transpiration, evaporation and water 
mixing. 
Hydraulic properties and hydraulic testing 
Most of the bores are of sufficiently low yield to allow hydraulic testing using slug 
tests (Appendix C), that is, by monitoring water level recovery in a bore after 
instantaneous removal of approximately 1 L of groundwater. Some other bores were 
of too high a yield to test hydraulic conductivity by this method. Two bores (BH17 
and BH39) screened in low permeability layers were of very low yield and did not 
recover between quarterly sampling periods. The slug test method only provides an 
estimate of hydraulic conductivity of the sediments in the immediate vicinity of the 
bore being tested. As a result, the sediments further from the bore are undersampled 
and hydraulic conductivity estimate is likely to underestimate the characteristic 
hydraulic conductivity of sediments in the vicinity of bores. Numerically determined 
hydraulic conductivity estimates are therefore expected to be higher than those 
derived from slug tests. 
The expected range of hydraulic conductivity values for silty sands and fine sands is 
0.01 to 1 m/day, and 1 to 100 m/day for well-sorted sands (Fetter, 1994). The relative 
hydraulic conductivity of sandy sediments is a function of grain size, grain sphericity 
and the degree of sorting. Based on the Hazen approximation, for the typical fine-to-
medium well-sorted sand forming beach ridge deposits, the estimated hydraulic 
conductivity is 15 m/day. 
In order to examine the effects of proximity of bores to channels, response to rainfall 
events, direct evapotranspiration from groundwater and tidal effects, monitoring of 
short term fluctuations in selected boreholes was carried out using pressure transducer 
data collected at 15 minute increments. Non-vented downhole DIVER transducers 
were installed and the data retrieved was corrected for barometric pressure effects 
with pressure readings from a BARO barometric transducer. 
One bore within the Jacobs Well township (Bore #JW1) located adjacent to Moreton 
Bay (at a distance of approximately 200m from the sea) also demonstrated a response 
to seawater tides. 
4.3 Interpretation of field data (conceptual model) 
The following description of groundwater flow processes and chemistry is significant 
in development of a numerical groundwater flow model; 
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Groundwater levels 
· Based on the observed transient trends in potentiometric heads, the unconsolidated 
units can be considered as a shallow aquifer separated from an underlying basal 
aquifer by a laterally-continuous aquitard. 
· Density-corrected freshwater heads suggest a vertically-upward potentiometric 
gradient. As a result, upward movement of saline basal groundwater into surface 
waters and/or the shallow aquifer is feasible. 
· Shallow groundwater heads are at times above ground level, therefore surface 
layers in lower- lying areas may be providing a degree of confinement of shallow 
groundwater. 
· Shallow groundwater heads in some bores adjacent to channels are at times lower 
than water levels in those channels, therefore heads are probably predominantly 
controlled by evapotranspiration and not necessarily by drainage. Furthermore, there 
is no evidence from hydrographs of decline in drainage rate as groundwater heads 
decline toward surface water levels during non-rain periods. Therefore, groundwater 
discharge is not simply a function of riverbed conductance. It should be noted that 
heads in some shallow bores distant from channels are also drawn down below mean 
sea level during dry periods. 
· Generally, potentiometric heads are higher during wet periods and gradually 
decline during dry periods. Therefore, recharge by rainfall is a major control over 
groundwater levels. 
· Significant between-bore temporal variations in potentiometric heads are 
attributed to either tidal inundation, local rainfall and infiltration variations, and 
proximity to channels or to artificial water injection/ removal areas. 
Surface water levels 
· Due to the location of tidal gates and sills acting as barriers to flow between 
channels, the hydrography of the coastal plain is very complex. Stream hydrographs 
are largely affected by tidal effects and are therefore not easily used to provide 
estimates of baseflow. 
· Temporary river monitoring stations  were operated by DNRM between 1999 and 
2001. While water levels measured at stations were not surveyed to Australian Height 
Datum, a reasonable estimate of their reduced level can be calculated based on the 
reduced surface water levels measured in drains adjacent to bores. 
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· The water level information generated by the stream gauging stations is 
considered to be of more use than the associated Doppler point-estimate stream 
velocity in estimating baseflow. While the absolute value of stream velocity cannot be 
reconciled with a water balance for the area, the measured direction of flow is helpful 
in understanding baseflow conditions. 
· During the period of April 2000, steady baseflow is likely to have occurred. 
During this period, water levels within the plain rose steadily with no discernible tidal 
fluctuation. A non-tidal rise in water levels of approximately 2 cm per day. 
· High rainfall events correspond with peaks in the stream hydrographs. Therefore 
an estimate of the magnitude of rainfall events leading to surface flow can be derived. 
Groundwater chemistry 
· Salinity varies widely in groundwaters and surface waters. Shallow groundwater 
in the Jacobs Well area is fresh (EC about 100 mS/cm). Hypersaline groundwater 
occurs in both the shallow aquifer (e.g. BH60) and the basal aquifer (e.g. JW5). 
· Many chemical parameters and transformations of parameters allow 
discrimination between saline groundwater and seawater, for example, Na/Cl, SO4/Cl 
and HCO3/Cl ratios. Basal groundwater is very different chemically from saline 
surface waters, with high Fe and Mn concentrations and depleted Na/Cl and K/Cl 
concentrations. 
· The chemistry of saline surface waters is similar to either seawater or the 
predicted chemistry for surface water-seawater mixtures. There is no chemical 
evidence of upwelling of basal groundwaters into either surface waters or into the 
shallow aquifer. 
· The most noticeable temporal trends in groundwater quality were; a slight salinity 
increase in one brackish seaward shallow bore (BH55), and large salinity variations in 
one landward saline bore (BH15). This latter effect is attributed to interaction with the 
adjacent channel. 
Summary of field data interpretation 
· Based on groundwater chemistry and potentiometric heads, the shallow and 
basal unconsolidated sediment units can be regarded as separate aquifer systems. 
· Within the shallow aquifer system, low banks with freshwater mounds are 
generally isolated by swampy areas with brackish to hypersaline water and underlain 
by an aquitard with saline pore water. 
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· While discharge of groundwater to channels occurs, this is likely to be less 
significant than discharge via evapotranspiration.  During dry periods, average flow 
along channels ceases and reverses back toward the centre of the plain. This indicates 
recharge of the aquifer or evaporation of surface water. 
 
 
 
 
 
 
 
 
 
Figure 4: Conceptual model of flow processes within the Pimpama coastal plain.  
5. Numerical modelling (MODFLOW-based) 
5.1 Numerical model selection 
The finite difference computer model MODFLOW was selected primarily for its 
availability and ease of use, including the possible assignment of multiple vertical 
layers. However, inherent limitations of the computer code include poor simulation of 
density-dependent flow, and limited approximation of irregular boundaries such as 
coastlines and rivers. The effect of model code limitations and data limitations are 
discussed more fully in Section 6.1 (Limitations of data). 
5.2 Spatial discretisation of study area and boundary conditions 
Within the numerical model, columns of cells were aligned north-south and rows were 
aligned east-west. Generally, cell dimensions were 100 m x 100 m wide and 
approximately 10m thick. In order to reduce computational effort, larger column 
widths were assigned (125, 150, 175 and 200 m) in the western part of the study area 
where no monitoring bores were present. In all, the model grid has 150 columns and 
130 rows (see Figure 5). 
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Figure 5: The grid of the numerical groundwater flow model (150 columns by 
130 rows). Locations of shallow boreholes are indicated with numerical model 
identification numbers. 
Cells representing both Moreton Bay and bedrock outcrops were assigned as inactive 
(shown as grey cells in Figure 5). Tidal creeks and tidal boundaries were assigned as 
fixed head boundaries (shown as blue cells in Figure 5). The head in these fixed head 
cells was assigned as 0.3m AHD in the initial heads data file, this value being typical 
of groundwater levels along low-energy coasts. 
Three model layers were assigned, however initially only the top layer (representing 
the shallow aquifer) was active. The two lower layers were rendered inactive by 
assigning very low hydraulic conductivity values throughout. The intention of 
including the extra layers is to allow later incorporation of lower layers should 
interaction with lower aquifers be considered significant. 
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After initial modeling, two bores (BH14 and BH18) were considered to be screened 
within the intermediate aquitard, therefore vertical hydraulic conductivity values were 
calculated in these instances (see Table ). 
Table 2: Layer types within the numerical groundwater flow model. 
Layer Depth Layer type 
1 (active) Surface - 10 m Unconfined / confined 
2 (inactive) 10 m – 20 m Confined 
3 (inactive) 20 -40 m Confined 
Values for the top of the unconfined portion of the surface layer were based on 
approximate surface elevations from 1:25,000 orthophotos of Woongoolba and 
Pimpama and surveyed ground levels adjacent to bores. 
The lower two layers were designated as confined. The uppermost layer was assigned 
as confined/unconfined, that is, head is controlled by specific yield when the aquifer is 
under-saturated and is controlled by storage coefficient when the aquifer is saturated. 
This layer option was selected in order to account for observed hydraulic heads being 
above or close to ground surface in many of the lower- lying bores. For such bores, the 
upper surface of the aquifer is not necessarily the ground surface, but may be a semi-
confining boundary at a lower depth (i.e. at the lower surface of a low permeability 
surficial layer). 
Within the upper layer of the model, individual cells were assigned to particular zones 
on the basis of landform (see Table 3) as described by Watkins (1962). The purpose 
of this zonation is to assign uniform parameter values to particular landforms. 
5.3 Initial conditions 
Initial heads are based on contouring of freshwater-corrected water levels for January 
2000. Estimated boundary conditions were also used as input data. The contouring 
algorithm used was simple kriging. 
Surface water elevations in channels were based on spot levels taken at the same time 
as groundwater levels (see Table 6 and Appendix A). Missing data for particular 
channels was estimated from trends indicated by more continuous records. 
5.4 Parameters and parameter estimation 
There is inherent uncertainty in the estimation of parameters related to geologic 
materials, in terms of absolute magnitude, variability and spatial distribution. 
Numerical modeling of groundwater flow in the coastal plain involves estimation of 
aquifer parameters and other hydraulic parameters. Matching observed groundwater 
water levels to observed hydrologic inputs is referred to as inverse parameter 
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estimation. The parameter optimisation software PEST (Doherty, 1994) was used to 
estimate the most likely model parameters for a given effective recharge. 
Three types of parameters were assigned to zones. These are: 
1) Aquifer hydraulic properties and aquifer geometry, e.g. hydraulic conductivity, 
vertical conductivity, specific yield, storage coefficient, and elevations of the top and 
bottom of an aquifer. 
2) Recharge and evapotranspiration parameters, e.g. the maximum evapotranspiration 
rate, the evapotranspiration surface (the groundwater level above which the maximum 
evapotranspiration occurs), and the evapotranspiration extinction depth (the depth 
below which no evapotranspiration surface at which groundwater). The MODFLOW 
evapotranspiration algorithm assumes that the evapotranspiration rate decreases 
linearly between the evapotranspiration surface and the evapotranspiration extinction 
depth. 
3) River parameters, e.g. surface water level, riverbed conductance. For all permanent 
channels, the depth of the riverbed was assumed to be at an elevation of -1m AHD. 
Since all water levels were above this mark, the area of permanently inundated 
channels was assumed to be constant during the monitoring period. 
Table 3: Initial parameter estimates for shallow aquifer (Layer 1) zones based on 
landform. 
Landform Initial parameter estimates 
 Kh 
(m/day) 
Specific 
yield 
Storage 
coeff. 
TOP 
(m) 
BOT 
(m) 
ETZ 
(m) 
EXD 
(m) 
Coastal sands (beach ridge) 25 (inactive) .0001 3 -10 2 1 
Coastal sands (low banks) 10 0.2 NA 1.6 -10 1.5 1 
Estuarine (low banks) 1 0.2 .0001 0 -10 1.5 1 
Mangrove swamp 1 0.15 .0001 0 -10 2 1 
Former mangrove swamp 1 0.15 .0001 0 -10 2 1 
Former freshwater swamp 1 0.15 .0001 0 -10 1.5 1 
Notes; 
· Specific yield and Storage coefficient are dimensionless. 
· Kh = horizontal hydraulic conductivity 
· Kv = vertical hydraulic conductivity (expressed as user-defined vertical leakance) 
· TOP = elevation of the upper surface of the aquifer  
· BOT = elevation of the upper surface of the aquifer 
· ETZ = elevation of evapotranspiration surface 
· EXD = extinction depth, below which no evapotranspiration occurs. 
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Aquifer hydraulic properties and aquifer geometry 
The shallow aquifer was initially assumed to have a uniform base level of -10 m 
AHD. The aquifer top was assigned as the base of any perceived semi-confining layer 
or was assigned as equivalent to ground surface. 
Recharge and evapotranspiration parameters  
Recharge values were assigned to recharge zones based on Theissen polygons around 
selected rainfall stations both within and adjacent to the coastal plain (see Figure 6, 
Table 4). Generally, the eastern part of the plain receives more rainfall than the 
western part. The high variation in annual precipitation between stations indicates the 
need to zone rainfall within the plain. The Beenleigh rainfall station, to the north-west 
was too distant from the plain to be represented by a Theissen polygon within the 
plain. 
For each zone, recharge was initially assumed to be a large proportion of rainfall. Any 
daily rainfall events larger than 2 mm were assumed to become groundwater recharge. 
It was also observed that rainfall events of greater intensity than 80 mm per 7-day 
period lead to relatively higher flow to streams. Therefore, in order to simulate high 
intensity rainfall, any 7-day rainfall exceeding 80 mm was assumed to become surface 
flow. For example, in the Rocky Point area, of a total rainfall of 1532 mm during the 
monitoring period, 1291 mm or 84% was assumed to become recharge (Table 5) and 
184 mm was surface flow. 
Numerical modelling of the shallow aquifer as part of this study indicates that 
groundwater hydrographs can be reconciled with monthly effective rainfall values. The 
observation period (1999-2001) was preceded by an exceptionally wet winter and also 
included two exceptionally dry winters. The average variation of water levels in 
individual shallow observation bores over this period was 0.8 m. Gradual water level 
declines were observed in all bores during extended dry periods. 
In subsequent modelling, the effect on parameter estimates of reducing estimated 
recharge by 75%, 50%, 25% and 10% of the initial estimate was tested (see Section 
5.7 Sensitivity Analysis). 
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Figure 6: Recharge zones based on Theissen polygons around selected rainfall 
stations both within and adjacent to the coastal plain. 
Initially attributing a large proportion of rainfall as groundwater recharge was an 
important assumption in the design of the model. In many groundwater settings, 
groundwater recharge is assumed to be a small proportion of total rainfall (e.g. 10% or 
less.). However in a shallow groundwater setting, a high proportion of fallen rain, 
including infiltrating water within the unsaturated zone and also ponded water can be 
expected to contribute to changes in groundwater levels. Therefore, the unsaturated 
zone is thought of as being a part of the shallow groundwater system and no separate 
numerical model considering moisture storage within the unsaturated zone was 
attempted. 
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Table 4: Rainfall stations adjacent to the Pimpama Coastal plain. 
Rainfall station / 
station number 
Easting (m) 
AMG Zone 56 
(AGD 84) 
Northing (m) 
AMG Zone 56 
(AGD 84) 
Mean annual 
rainfall (mm) 
Total rainfall during 
period 12th Jan 
2000 - 23rd Oct 
2001 (mm) 
Beenleigh 
040406 
519 802 6 934 987 1178 1470 
DNRM rain gauge 
at Sandy Creek 
528 237 6 931 777 NA 1316 
Ormeau 
040863 
526 981 6 925 866 1092* 1357 
Rocky Point Mill 
040319 
532 282 6 932 161 1347 1401 
Couran Cove 
040471 
540 186 6 921 219 1574** 1696 
* - Mean value based on only 9 years of data 
** - Mean value based on only 6 years of data 
Table 5: Initial estimates of effective rainfall for Theissen rainfall polygons 
within the Pimpama Coastal plain during 12th Jan 2000 - 23rd Oct 2001. 
Rainfall station DNRM gauge Ormeau Rocky Point Mill Couran Cove  
Total rainfall in 
period (mm) 
1315 1357 1401 1696 
Estimated rainfall 
above minimum 
cutoff (mm, % ) 
1187 (90%) 1287 (95%) 1346 (96%) 1625 (96%) 
Estimated rainfall 
above maximum 
cutoff (mm, % ) 
192 (15%) 234 (17%) 184 (13%) 257 (15%) 
Estimated effective 
rainfall (mm, % ) 
995 (76%) 1054 (78%) 1161 (83%) 1368 (81%) 
Evapotranspiration (ET) is expected to comprise a large component of total 
groundwater discharge. Where chloride concentrations in groundwater are in 
equilibrium, the chloride balance method of determining rates of recharge can be 
employed. However this method is not applicable to most of the coastal plain. Most of 
the area has been inundated by surface water, most recently during the 1974 flood. 
Therefore, concentration of incident rainwater is not the only process controlling 
chloride concentrations. However, in the Jacobs Well area where flood inundation is 
not likely to have occurred, the chloride balance method is considered to be 
applicable. 
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The modal value of groundwater chloride in the Jacobs Well area indicates an 11-fold 
concentration of rainwater via evapotranspiration. Therefore, the effective rainfall is 
an estimated 9% of total rainfall. Since average annual rainfall for Jacobs Well is 
approximately 1400 mm and annual average pan evaporation is 1515 mm, a pan 
factor of 0.84 pan evaporation generates the 1272 mm of ET that is 91% of total 
annual rainfall. The maximum ET rates for the transient numerical model were 
generated by applying the 0.84 conversion value to weekly pan evaporation values 
(Appendix D). 
For this preliminary numerical model of the area, it has been assumed that maximum 
ET rates were uniform across the study area. Also, variations in crop type or the 
reduction in ET associated with crop removal have not been considered. However, it 
is likely that ET rates are significantly affected by groundwater salinity. To represent 
the reduction in ET rates expected in areas of high groundwater salinity within the 
MODFLOW evapotranspiration algorithm, the maximum expected value of the 
calibrated ET surface was allowed to be artificially higher than the ground surface 
elevation. The numerical model attempts to show whether spatial variation in 
groundwater salinity can be related to spatial variation in ET rates. 
River and drainage parameters  
The river package within MODFLOW was used to simulate the function of permanent 
channels within the plain, since these channels appear to act as both sources and sinks 
of groundwater depending on groundwater levels. Also, they do not dry out 
appreciably even during very dry periods (at least during the monitoring period). The 
elevation of the riverbed was assigned as -1 m AHD in all cases. The role of ancillary 
drains was considered to be less important, and flow to these drains is accounted for 
by reduction in the maximum rain infiltration. 
Initially, 10 river zones were assigned (see Table 5, Figure 7) based on the position of 
sills and land forms. During later simulations, smaller river sub-zones were calibrated 
separately. The degree of certainty attributed to the riverbed conductance of each river 
zone or sub-zone is highly variable due to the proximity of the nearest monitoring 
bore and also to uncertainty regarding surface water elevations where data was 
inadequate. For instance, no groundwater bores were located close to lower Sandy 
Creek and no surface water levels were recorded. Generally, the relative sensitivity of 
a simulation to river conductance is a function of how far a bore is located from a 
river. 
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Figure 7: MODFLOW River zones. 
Fully tidal reaches were also included as constant head boundaries. These boundaries 
are shown in Figure 8 as blue cells (e.g. near Huth Road and in the Rocky Point area). 
The constant heads assigned to these boundaries was calibrated during simulation. 
This calibration was necessary to simulate water levels in bores adjacent to tidal 
reaches. 
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Table 6: MODFLOW River zones. 
River zones Number of cells  
Huth Road 28 
Bremerhaven drain 196 
Pimpama River 177 
Behms Creek 233 
Sandy Creek 168 
Skopps Road 81 
Gilberton_east 122 
Hotham Creek 37 
Rocky Point 28 
Gilberton_west 153 
TOTAL 1223 
Riverbed conductance is equivalent to a hydraulic conductivity value. However, due 
to the number of physical factors controlling riverbed conductance, it must be 
calibrated based on groundwater levels, surface water levels and aquifer geometry and 
hydraulic parameters. 
Based on the rise in surface water level (see Section 4.3) during periods of non-tidal 
channel flow, an estimate of typical river conductance can be determined. This 
assumes that baseflow is the major component to streams, and flow around or through 
the tidal gates and either balance out or are not significant. 
River conductance is calculated as follows. 
Criv = Q / dh 
where Criv is river bed conductance (m2/day), 
dh is hydraulic head differential (m), 
Q is river flow (m3/day) 
The area of surface water within the plain was estimated to be in the order of 60 ha. 
Since surface water levels rose at approximately 2 cm per day during baseflow 
conditions, the total volume of river flow is 12,000 m3 /day. There are 1223 river cells 
and the average flow per cell is therefore 10 m3/day. 
Surface water levels are approximately 0.2 m below groundwater levels in adjacent 
bores. This represents the hydraulic head differential (dh). An initial estimated of 
typical riverbed conductance is therefore 50 m2 /day. 
It is important to relate typical baseflow to the typical total precipitation for the 
catchment. A rainfall of 1400 mm per annum over a 100 km2 catchment provides an 
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average daily precipitation volume of 380,000 m3. This figure must be compared to 
the typical baseflow figure of 12,000 m3 /day to see based these calculations that 
baseflow can be expected to be a minor component of the total water budget. 
Table 7: River heights (m AHD) used in numerical model, measured (bold) and 
estimated (italic) for 93 time steps . 
Starting 
date for 
first time 
step 
Time 
steps 
Bremer
-haven 
channel 
at 
BH10 
Behms 
Creek 
at 
BH15 
Skopps 
Road 
channel 
at BH47 
Skopps 
Road 
channel 
at BH51 
Pimpama 
River 
Bridge 
Behms 
Ck. at 
Norwell 
Road 
13/01/00 1-13 +0.20 -0.32 -0.43 -0.35 -0.323 -0.388 
13/04/00 14-17 +0.10 -0.35 -0.42 -0.36 -0.396 -0.397 
11/05/00 18-23 +0.20 -0.39 -0.41 -0.34 -.0344 -0.407 
22/06/00 24-26 +0.105 -0.30 -0.36 -0.27 -0.323 -0.364 
13/07/00 27-28 -0.085 -0.40 -0.42 -0.36 -0.316 -0.453 
27/07/00 29-33 -0.28 -0.40 -0.42 -0.34 -0.53 -0.454 
31/08/00 34-36 -0.42 -0.45 -0.44 -0.39 -0.54 -0.527 
21/09/00 37-38 -0.41 -0.46 -0.47 -0.44 -0.62 -0.61 
 5/10/00 39-42 -0.44 -0.51 -0.46 -0.38 -0.63 -0.478 
 2/11/00 43-46 -0.32 -0.47 -0.44 -0.37 -0.445 -0.464 
30/11/00 47-49 -0.27 -0.45 -0.42 -0.36 -0.469 -0.445 
21/12/00 50-55 -0.06 -0.47 -0.48 -0.41 -0.465 -0.47 
 1/02/01 56-60 +0.14 -0.25 -0.38 -0.30 -0.38 -0.38 
 8/03/01 61-64 +0.18 -0.27 -0.45 -0.29 -0.45 -0.45 
 5/04/01 65-68 +0.08 -0.33 -0.40 -0.33 -0.40 -0.40 
 3/05/00 69-73 +0.15 -0.35 -0.43 -0.34 -0.43 -0.43 
 7/06/01 74-78 +0.06 -0.35 -0.43 -0.34 -0.43 -0.43 
12/07/01 79-83 -0.04 -0.35 -0.43 -0.34 -0.43 -0.43 
16/08/01 84-88 -0.22 -0.35 -0.43 -0.34 -0.43 -0.43 
20/09/01 89-93 -0.31 -0.31 -0.45 -0.36 -0.45 -0.45 
 
5.5 Steady state models 
Water levels generally decreased during the study period. As a result, no particular set 
of water levels observed during the study period was considered to be representative 
of an “average” condition. It was therefore decided not to construct a steady state 
model, but to use a transient model to carry out inverse parameter estimation. 
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5.6 Transient models 
In order to reduce computer time, daily climate and evaporation data was reduced to 
7-day periods. There were 93 time periods between 12th January 2001 and 24th 
October 2002. For each river segment, average surface water levels were assigned to 
20 increments of approximately 5 weeks duration. 
A problem associated with not using a steady state model is that the distributed initial 
heads used for the transient model have been generated using a contouring algorithm 
and do not conform to groundwater flow equations. As a result, discrepancy is usually 
created between early observed groundwater heads and corresponding calculated 
groundwater heads. This problem was not considered to be a significant source of 
error. In subsequent model refinement, assigning different initial heads is one option 
that may allow increased model accuracy (see Section 6.3 Model Refinement). 
In order to better simulate the dry period between August and October 2001, about 8 
extra estimated groundwater levels were interpolated for all bores based on the 
assumption that the water level decline during this period was uniform. 
Table 8 shows the parameter calibration results of initial modelling. The relative error 
in the simulations are indicated by the “phi” values in the last column (sum of square 
errors). Lower phi values indicate better calibration. With respect to landform, bpres 
in freshwater swamp areas were best calibrated.  
The best fit of observed to predic ted heads for non-drained areas were most sensitive 
to ET parameters (i.e. ET elevation and ET extinction depth). Both Kh and riverbed 
conductance values seem unreasonably high for many of the simulations. 
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Table 8: Calibration of parameters in transient flow model. Colours denote 
landform (see Figure 3). 
Bore  
 i.d. 
Horizontal 
hydraulic 
cond. 
(m/day) 
Vertical 
hydraulic 
cond. 
(m/day) 
Spec. 
yield 
Storage 
coeff. 
Elevation 
of max. 
ET 
(mAHD) 
ET 
extinct.n 
depth 
(m) 
Top of 
layer 
(mAHD) 
River 
cond. 
(m/day) phi 
BH7 34 NA 0.16 NA 1 2.42 1.9 2500 0.23 
BH12 42 NA 0.10 NA 2.21 4.22 1.63 1500** 0.28 
BH19 3 NA 0.23 NA 0.12 0.06 1.62 NA 0.12 
BH21 17 NA 0.18 NA 0.77 1.83 1.73 1866 0.40 
BH28 24 NA 0.19 NA -0.10 1.41 1.03 NA 0.95 
Geom. 
mean  18   0.17   0.80 1.10 1.58 1866 0.31 
BH8 8.2 NA 0.06 NA 1.68 2.12 -0.2 164 0.22 
BH14 29 0.0036 0.25 NA 0.37 0.81 1.65 NA NA 
BH14* NA 0.0015 0.19 0.0097 NA NA -10 NA 0.11 
BH16 0.23 NA 0.12 NA 0.905 1.11 1.6 NA 0.5 
BH26 3.6 NA 0.21 NA 0.95 1.94 1.7 164 0.27 
BH53 10 NA 0.19 NA 0.58 4.4 1.2 NA 0.17 
Geom. 
Mean  4.6   0.15   0.90 2.08 1.19 164 0.22 
BH10 7.2 NA NA 0.13 0.51 0.34 -1.2 66 0.10 
BH18 2.8 27 0.25** 0.14 0.28 0.67 -3 NA NA 
BH18* NA 9.0E-04 NA 0.07 NA NA -5 NA 0.13 
BH47 6.6 NA 0.04 0.15 0.85 1.62 -0.2 1045 0.32 
BH50 6.6 NA 0.113 NA 0.59 1.95 -0.2 390 0.07 
BH51 3.4 NA 0.165 0.174 1.08 1.67 -0.2 143 0.02 
BH55 13 NA 0.08* NA 1.64 3.44 3 155 0.58 
BH58 1.3 NA 0.095 0.061 0.44 0.41 2 NA 0.37 
Geom. 
Mean  4.7  0.09 0.11 0.8 1.4 -0.6 226 0.14 
BH15 0.15 NA 0.25 0.18 -0.16 0.89 0 NA 0.5 
BH23 9.8 NA NA 0.17 0.65 0.3 -1.5 25 0.06 
BH24 61 NA NA 0.42 2.52 1.51 0 29 0.18 
BH36 0.01 NA 0.121 0.12 0.55 0.98 0 NA 0.58 
BH45 13 NA 0.129 NA 0.28 0.33 0.3 NA 0.35 
BH54 26 NA 0.12 NA 1.65 3.48 0.7 173 0.42 
BH56 7.8 NA 0.25** 0.25** 0.52 0.2** 0.3 73 0.11 
BH60 9.7 NA 0.107 0.19 1.08 0.49 0.7 493 0.25 
Geom. 
mean  2.7  0.14 0.20 0.9 1.1 -0.08 85.3 0.2 
BH13 0.51 NA 0.23 0.275 0.26 1.02 0.5 NA 0.14 
JW1 13 NA NA 0.25 0.80 0.58 -2 NA 0.33 
** denotes maximum value allowed. 
5.7 Sensitivity analysis 
Since the greatest uncertainty in the model results is related to the amount of effective 
recharge, sensitivity analysis consisted of altering the percentage of precipitation that 
becomes recharge and observing the effect on calibrated parameters. 
The initial recharge amount was designated as 100%, and subsequent models were 
generated with 75%, 50%, 25% and 10% of the recharge value. Corresponding 
maximum ET rates were reduced in a similar manner, although (see Section 6.3 
Model Refinement). 
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Six bores (4 bores adjacent to channels and 2 bores away from channels) that showed 
good agreement between predicted and observed hydraulic heads during the initial 
modeling were selected for sensitivity analysis. The results of sensitivity analysis are 
shown in Table 9. 
Table 9: Sensitivity analysis of numerical model. Colours denote landform (see 
Figure 3). 
relative 
recharge 
(%) 
Bore 
i.d. 
Horizontal 
hydraulic 
conductivity 
(m/day) 
Specific 
yield 
Specific 
storage  
Elevation of 
maximum 
ET (mAHD) 
ET 
extinction 
depth (m) 
Top of 
layer 
(mAHD) 
Riverbed 
conductance  
(m/day) phi 
100 BH7 34 0.16 NA 1.00 2.42 1.9 2500 0.23 
75 BH7 42 0.03 NA 1.29 2.45 1.9 42, 923 0.23 
50 BH7 17 0.07 NA 0.85 2.04 1.9 30, 1025 0.21 
5 BH7 13 0.006 NA 1.47 2.27 1.9 4, 55 0.20 
10 BH7 1.9 0.016 NA 0.93 1.49 1.9 822 0.37 
100 BH21 17 0.18 NA 0.77 1.83 1.73 1866 0.4 
75 BH21 20 0.126 NA 1.04 4.02 1.73 1495 0.37 
50 BH21 13 0.050 NA 2.03 3.43 1.73 880 0.33 
25 BH21 6.7 0.016 NA 1.13 2.34 1.73 376 0.40 
10 BH21 2.1 0.006 NA 1.05 2.32 1.73 105 0.41 
100 BH10 7.2 NA 0.13 0.51 0.34 -1.2 66 0.10 
75 BH10 10.9 NA 0.074 0.40 1.80 -1.2 93 0.09 
50 BH10 2.5 NA 0.062 0.50 1.31 -1.2 20 0.12 
25 BH10 2.2 NA 0.021 1.07 2.10 -1.2 18 0.09 
10 BH10 1.1 NA 0.004 1.38 3.94 -1.2 7 0.12 
100 BH47 6.6 0.04 0.15 0.85 1.62 -0.2 1045 0.32 
75 BH47 7.4 0.24 0.002 0.89 0.31 -0.2 1815 0.15 
50 BH47 1.8 0.02 0.041 0.44 1.38 -0.2 283 0.30 
25 BH47 2.3 0.001 0.016 1.14 1.00 -0.2 605 0.10 
10 BH47 2.2 0.001 0.0016 0.04 0.96 -0.2 113 0.11 
100 BH51 3.4 0.165 0.174 1.08 1.67 -0.2 143 0.02 
75 BH51 3 0.080 0.110 0.78 1.41 -0.2 137 0.02 
50 BH51 2.6 0.097 0.063 1.22 1.47 -0.2 66 0.03 
25 BH51 1.2 0.017 0.037 1.03 1.92 -0.2 51 0.02 
10 BH51 2.2 0.003 0.007 0.43 1.40 -0.2 30 0.03 
100 BH23 9.8 0.48 0.204 0.65 0.34 -1.5 17 0.06 
75 BH23 9.5 0.39 0.089 0.62 0.20 -1.5 19 0.05 
50 BH23 12 0.5 0.006 0.95 0.87 -1.5 19 0.07 
25 BH23 5 0.33 0.013 0.73 0.64 -1.5 6.1 0.06 
0 BH23 1.3 0.35 0.006 1.08 1.98 -1.5 2 0.06 
The best calibrated bores are those adjacent to channels. Changes in parameters with 
changed inputs are most consistent for these bores. All parameter estimates are 
affected to some degree by changing the recharge estimate, including riverbed 
conductance. The high estimates for Sandy Creek riverbed conductance (BH7) have 
high uncertainty due to no stream level data being available and no adjacent 
monitoring bore. Likewise, the water levels for Behms Creek (BH21) are based on 
approximated values. 
The Hydrogeology of the Pimpama coastal plain 
QUT Natural Resources Sciences (J.Harbison & M.Cox)  Page 35 
Using the MODPATH and MODFLOW programs, predicted model parameters (from 
calibration of BH51, 75% recharge) for a selected sub-zone (the Skopps Road area) 
were input into the model and water budgets were generated (Table 10). Using the 
MODPATH program, predicted flow paths were generated (Appendix E). 
Table 10: Estimated water balance for 9 separate periods - Skopps road area. 
Stress 
period 
Recharge 
(m3) ET (m3) 
River 
Leakage 
(m3) 
Horizontal 
exchange 
(m3) 
Exchange 
(lower) (m3) 
Storage  
(m3) 
Week 10 2633 -10509 -6016 672 96 8613 
Week 20 16381 -7681 -5128 727 10 -1583 
Week 30 11390 -9002 -6924 1959 22 1118 
Week 40 16862 -4353 -4321 1571 -43 -3613 
Week 50 0 -9089 -3731 543 85 4418 
Week 60 4249 -12262 -3076 -400 123 4086 
Week 70 0 -6940 -3781 -302 88 4957 
Week 80 1037 -4389 -3544 130 69 2506 
Week 90 0 -4811 -3381 638 78 2769 
 Daily volume (m3)    
Week 10 376 -1501 -859 96 14 1230 
Week 20 2340 -1097 -733 104 1 -226 
Week 30 1627 -1286 -989 280 3 160 
Week 40 2409 -622 -617 224 -6 -516 
Week 50 0 -1298 -533 78 12 631 
Week 60 607 -1752 -439 -57 18 584 
Week 70 0 -991 -540 -43 13 708 
Week 80 148 -627 -506 19 10 358 
Week 90 0 -687 -483 91 11 396 
 Daily volume (mm)    
Week 10 0.18 -0.71 -0.41 0.05 0.01 0.59 
Week 20 1.11 -0.52 -0.35 0.05 0.00 -0.11 
Week 30 0.77 -0.61 -0.47 0.13 0.00 0.08 
Week 40 1.15 -0.30 -0.29 0.11 0.00 -0.25 
Week 50 0.00 -0.62 -0.25 0.04 0.01 0.30 
Week 60 0.29 -0.83 -0.21 -0.03 0.01 0.28 
Week 70 0.00 -0.47 -0.26 -0.02 0.01 0.34 
Week 80 0.07 -0.30 -0.24 0.01 0.00 0.17 
Week 90 0.00 -0.33 -0.23 0.04 0.01 0.19 
Flowlines illustrate the area of influence of the channel. The results indicate that an 
unreasonably high percentage of total recharge becomes baseflow, with consistent ly 
high baseflow in all weeks (see 6.3 Model Refinement). 
6. Discussion 
6.1 General flow behaviour of the shallow aquifer 
· The aquifer is primarily recharged by rainfall, although some ingress of water 
from channels into shallow aquifers occurs. The proportion of total precipitation 
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that recharges the shallow aquifers is significant. Sensitivity analysis of 
groundwater flow indicates that effective rainfall may be as high as 80%. 
· Hydrograph analysis and visualization of groundwater contours indicates that 
interaction with channels is more significant in the eastern and northern parts of 
the coastal plain. Groundwater levels in this part of the plain have minimum 
values slightly above minimum surface water levels. Where groundwater levels 
drop below the level of adjacent surface water during dry periods, reduced 
groundwater-channel interaction is indicated. 
· While the elevated salinity in the shallow aquifer can be seen to be a result of low 
hydraulic gradients, poorly flushing and occasional inundation, the water balance 
between recharge and discharge is also significant. The vertical salinity gradients 
within the underlying lower permeability strata also indicate upward movement 
of saline porewater. 
· Some attenuation of contaminants is likely to occur between recharge and 
discharge. For example, nitrate is detected in groundwater but concentrations are 
not high considering that the area is agricultural and the application of fertilizer is 
significant. 
 
6.2 Limitations of the numerical model 
· As outlined in Section 5.1, the finite difference computer model MODFLOW 
was selected primarily for its availability and ease of use. 
· The numerical model as presented deals specifically with groundwater flow 
within the shallow aquifer. Therefore, possible interaction of the deeper basal 
aquifer or the semi-confining layer (layers 2 and 3) with overlying surface 
water or sediments have not been considered here. Solute movement 
(including contaminant movement) can not be predicted with any certainty 
from the results of the numerical flow modelling. 
· Density effects are not simulated by the model. However since the most active 
part of the aquifer, in terms of the water balance, is the fresher groundwater, 
the model is adequate to describe groundwater flow in the plain generally. 
More detailed study of groundwater flow adjacent to specific channels may 
require a density dependent model. 
· Both storage properties and hydraulic conductivity values are time-invariant in 
MODFLOW. Variable specific yield may explain variations in response to 
rainfall between wet and dry periods. If this is significant, a modified or 
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different groundwater flow codeor a coupled unsaturated model may be 
necessary. The model does however yield reasonable estimates of aquifer 
parameters. 
6.3 Model refinement 
The model generated is a preliminary model that has demonstrated an ability to 
simulate the dominant processes controlling groundwater flow in the coastal plain. It 
is envisaged that future modelling of the area will allow refinement of this model and 
may include; 
· incorporation of an unsaturated flow model 
· incorporation of prior knowledge in model calibration. In the “naïve” model 
presented here, parameters are uncorrelated. Parameters are likely to have some co-
dependence and therefore show some correlation. Specific yield and hydraulic 
conductivity are likely to have some co-dependence, as are the height of maximum 
evapotranspiration and ground level. 
· better definition of aquifer boundaries and "smoothing" of parameters at these 
these boundaries. 
· better definition of density effects, especially close to channels. This may require 
the use of a density-dependent finite element model of groundwater flow. 
· increased field data, e.g. remote sensing of crop water use, better-quantified 
streamflow data, more detailed hydrographs. 
The model input subject to the most uncertainty is recharge. The assignment of 
uniform recharge within simple zones does not account for reduced runoff in areas 
more removed from drainage lines. Incorporation of factors such as distance from 
drainage lines, soil type and depth to water table will allow better of the distribution 
of recharge. 
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Figure 8: Illustration of variation in response to rainfall events at BH51, June, 
2002. 
Figure 9 shows a hydrograph for BH51. The initial sudden rise in water level indicates 
significant air encapsulation in an unconfined setting. This effect only lasts for 24 
hours or so. For the second rainfall event, extrapolating back from later A 24 mm 
rainfall event produced a water level rise of 0.33m. Assuming that 75% of rainfall 
recharged the aquifer, i.e. 18 mm, the storage coefficient is therefore 0.054. 
Also, based on observations that no-flow conditions existed for much of the 
monitoring period, the regular baseflow predicted for the monitoring period in Table 
is not possible. In order to over come this error, the observated groundwater levels 
adjacent to channels were corrected. On the scale of the model, many bores are 
located within river cells. Therefore, horizontal and vertical hydraulic gradients 
between the bore and the surface water have not been taken into account. Figure 9 
shows water level minima at 0.2 and 0.3 m AHD cf. 0.4 m AHD for the Skopps Road 
channel (Appendix A). 
Using corrected groundwater levels  and assigning rather than calibrating, other 
prameters were determined by inverse modeling and the water budget and flowlines 
were regenerated (Table 11, Appendix E). The river conductance value is still high, 
probably more related to the range of bore water levels than to the absolute levels. 
However, the area of influence of the river is much reduced large ly due to the Kh 
estimate being much lower. 
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This example of model refinement illustrates the use of short-term automatic 
hydrograph data to complement existing data. Furthermore, observation data from 
only bore is used. Where discharge to channels is considered to be significant, an 
extra one or two bores distant from the channel is required to properly define 
groundwater levels. 
 
Table 11: Estimated water balance for 9 separate periods - Skopps road area. 
Stress 
period 
Recharge 
(m3) ET (m3) 
River 
Leakage 
(m3) 
Horizontal 
exchange 
(m3) 
Exchange 
(lower) (m3) 
Storage 
(m3) 
Week 10 2633 -10539 -3067 274 64 6540 
Week 20 16381 -7950 -1638 207 -13 -2908 
Week 30 11390 -10414 -3961 1532 8 577 
Week 40 16862 -7592 -1801 1197 -18 -3702 
Week 50 0 -13362 -1004 181 82 5925 
Week 60 4249 -15863 113 -893 120 5001 
Week 70 0 -8750 -757 -772 72 5097 
Week 80 1037 -6548 -1050 -262 63 2828 
Week 90 0 -9117 -1238 340 82 4095 
 Daily volume (m3)    
Week 10 376 -1506 -438 39 9 934 
Week 20 2340 -1136 -234 30 -2 -415 
Week 30 1627 -1488 -566 219 1 82 
Week 40 2409 -1085 -257 171 -3 -529 
Week 50 0 -1909 -143 26 12 846 
Week 60 607 -2266 16 -128 17 714 
Week 70 0 -1250 -108 -110 10 728 
Week 80 148 -935 -150 -37 9 404 
Week 90 0 -1302 -177 49 12 585 
 Daily volume (mm)    
Week 10 0.18 -0.72 -0.21 0.02 0.00 0.44 
Week 20 1.11 -0.54 -0.11 0.01 0.00 -0.20 
Week 30 0.77 -0.71 -0.27 0.10 0.00 0.04 
Week 40 1.15 -0.52 -0.12 0.08 0.00 -0.25 
Week 50 0.00 -0.91 -0.07 0.01 0.01 0.40 
Week 60 0.29 -1.08 0.01 -0.06 0.01 0.34 
Week 70 0.00 -0.60 -0.05 -0.05 0.00 0.35 
Week 80 0.07 -0.45 -0.07 -0.02 0.00 0.19 
Week 90 0.00 -0.62 -0.08 0.02 0.01 0.28 
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7. Conclusions 
7.1 Methodology appraisal 
While groundwater levels showed trends related to rainfall and to drainage patterns, 
difficulty in hydrography in this partly tidal setting means that hydraulic testing needs 
to be complemented in some way. Geophysical and hydrochemical methods show the 
most potential for this purpose. 
Electromagnetic surveys of the area, both overland and downhole, proved to be 
useful. These surveys will provide useful baseline data for monitoring changes in 
salinity over time, and also for modelling of solute transport. 
Hydrochemical ana lyses showed distinct groupings and discrimination between 
aquifer types. Chemical analyses of surface water showed no distinct pattern of 
mixing with groundwater. Water isotope analysis shows the most potential to 
differentiate between saline water sources from seawater encroachment via high 
permeability units and from low permeability strata, and also to monitor recharge/ 
discharge of groundwater adjacent to channels. 
7.2 Monitoring network appraisal 
Groundwater interacts significantly with surface water. Currently, boreholes are 
mostly located near channels, farm sheds or along fence lines. For analysis of specific 
areas, boreholes need to be sited along potential receptors and also distant from 
drainage lines. 
In the numerical model presented here, model results indicate that the treatment of the 
shallow aquifer as an essentially two-dimensional model is adequate to simulate water 
flow for the majority of shallow bores. However, for a number of bores categorized as 
being shallow, hydrograph inspection, chemistry and stratigraphy indicate some 
degree of confinement. At these sites, the most surficial permeable layer is not being 
monitored. 
7.3 Assessment of numerical model 
There is currently much uncertainty in parameter estimates generated by the 
numerical model. Many of the steps required to refine the model are being now being 
tested. The numerical model indicates that reasonable estimates of hydraulic 
parameters can be reconciled with a significant proportion of rainfall becoming 
recharge. During simulations, the model converges rapidly and is stable. 
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8. Recommendations 
8.1 Groundwater monitoring network 
8.1.1. Groundwater monitoring bore construction 
During the period of this study, attrition of bores has occurred due to vandalism, 
infrastructure development and farming activities (e.g. burning, heavy machinery). In 
consideration of maintenance or replacement of the current groundwater monitoring 
network, very few of the current network of bores are completed sufficiently to be 
considered durable. Only the bores with steel flush-mount or galvanised monument 
covers are durable therefore these methods of construction is recommended if bores 
are to be maintained. Flush-mount covers are preferred where machinery is likely to 
be operating. Covers should also be lockable so that automatic monitoring equipment 
can be installed. 
8.1.2. Future siting of groundwater monitoring bores 
At the outset of this project, it was envisaged that one or both of the unscreened 
boreholes previously established by QUT (Lockhart et al., 1998) could be modified 
and then utilised as monitoring bores. These bores extended into the coarser sands and 
gravels in the basal aquifer. Due to destruction of both boreholes during the study 
period, the eastern section of the basal aquifer is not adequately monitored. In order to 
better define both water quality changes and hydraulic gradients in the lower aquifer, 
it is recommended that priority be given to development of at least one monitoring 
bore in the eastern part of the coastal plain. 
Therefore, it is recommended that priority be given to the location of nested bores (i.e. 
screened at various depths with the aquifer at the same location) adjacent to the 
Woongoolba Community Hall. This site is desirable for three reasons; 
· It is predicted that the deepest part of the paleochannel predicted from seismic 
survey of the basement rock (with an estimated depth of 50m) is in this vicinity. 
· The subsurface hydrology is less likely to be affected by disturbances such as 
excavations associated with coastal development (e.g. marina or canal development) 
on the immediate coastline. 
· It is public land therefore access is not restricted. 
These bores should be screened in the basal aquifer, the shallow aquifer and also in 
the intermediate aquitard. The recommended method of completion for all bores is 
with flush-mount covers. 
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The priority for maintenance or replacement of existing shallow monitoring bores 
depends upon the possible rate of change of water quality especially with regard to 
salinity. Therefore, priority for bores maintenance considers current salinity, location 
with regard to waterways, and bore yield (Appendix C). For example, maintenance of 
borehole BH15 is given a high priority. This bore has shown the greatest variability in 
electrical conductivity during the monitoring period (between  and  mS/cm). The bore 
has a reasonable yield and is located adjacent to a channel. Ongoing monitoring of 
groundwater salinity BH55 is also considered to be important. Monitoring suggests 
that the salinity in this seaward bore has gradually risen, which may be related to 
saline encroachment. 
Where a number of aquifers potentially exist, separate bores should be nested and 
screened within the individual layers. 
8.2 Further hydrogeological research 
The type of data required for model refinement is more detailed examination of 
specific components of the area such as those areas identified as potential artificial 
recharge sites. Electromagnetic survey of the plain has been demonstrated to be 
effective in mapping groundwater salinity. Furthermore, further geophysical mapping 
of the distribut ion of groundwater salinity in combination with detailed surface and 
groundwater levels is likely to be the most effective means of determining 
groundwater flow paths and discharge/recharge zones and validating model 
predictions. 
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 Appendix A) Groundwater and surface water levels 
Shallow groundwater levels – density corrected (m AHD) 
Date 
BH 
10 
BH 
12 
BH 
13 
BH 
14 
BH 
15 
BH 
16 
BH 
18 
BH 
19 
BH 
21 
BH 
23 
BH 
24 
BH 
26 
BH 
28 
BH 
36 
1/12/99 0.60  0.49  0.49 1.21  0.22 0.68 0.41 0.95 0.96  0.20 
13/1/00 0.54 0.58 0.31 0.92 0.41 0.91 0.69 0.29 0.55 0.51 1.08 0.87 0.52 0.12 
16/2/00 0.41 0.46 0.18 0.78 0.28 0.80 0.63 0.25 0.38 0.48 1.11 0.64 0.43 0.15 
15/3/00 0.55 0.74 0.17 0.73 0.41 1.10 0.60 0.32 0.52 0.59 1.08 0.77 0.66 0.59 
22/4/00 0.21 0.20 -0.03 0.59 0.02 0.50 0.47 0.18 0.09 0.40 0.93 0.43 0.20 -0.03 
16/5/00 0.35 0.19 -0.05 0.55 -0.05 0.64 0.43 0.25 0.00 0.52 0.98 0.39 0.22 0.10 
15/6/00 0.64 0.46 -0.06 0.49 -0.11 1.00 0.39 0.37 0.08 0.63 1.02 0.49 0.53 0.76 
5/7/00 0.45 0.37 0.02 0.51 -0.10 0.77 0.35 0.28 0.04 0.56 1.18 0.46 0.36 0.64 
16/8/00 0.21 0.17 -0.10 0.38 -0.23 0.48 0.28 0.14 -0.12 0.39 0.98 0.28 0.19 0.27 
15/9/00 0.02 0.01 -0.28 0.26 -0.41 0.23  0.01 -0.30 0.26 0.84 0.16 -0.10 0.00 
26/9/00         -0.37      
29/9/00 -0.01       0.06  0.23   -0.05  
3/10/00  -0.12 -0.39         0.06  -0.08 
6/10/00    0.14 -0.50 0.06         
19/10/00 -0.14 -0.19 -0.45 0.10 -0.53 0.02 0.08 -0.01 -0.48 0.15 0.69 -0.01 -0.19 -0.05 
20/11/00 0.21 0.01 -0.35 0.08 -0.53 0.36 0.08 0.17 -0.31 0.45 0.88 0.02 0.01 0.58 
7/12/00   -0.32   0.18   -0.40   0.02 -0.08  
18/12/00 0.08 -0.15 -0.35 0.00 -0.58 0.17 0.00 0.09 -0.44 0.32 0.90 -0.03 -0.11 0.29 
16/1/01 -0.04 -0.30 -0.38 -0.06 -0.64 0.12 -0.06 0.02 -0.55 0.22 1.00 -0.11 -0.24 0.06 
19/2/01 0.34 0.21 -0.08 0.12 -0.39 0.63 0.03 0.25 0.10 0.41 1.07 0.40 0.24 0.17 
23/3/01 0.36 0.39 0.04 0.26 -0.25 1.08 0.09 0.33 0.22 0.54 1.14 0.40 0.29 0.44 
20/4/01 0.15 0.04 -0.13 0.23 -0.31 0.47 0.09 0.13 -0.04 0.29 1.03 0.22 0.00 0.04 
22/5/01 0.14 -0.06 -0.19 0.23 -0.36 0.47 0.12 0.19 -0.12 0.39 1.07 0.09 -0.05 0.54 
22/6/01 0.04 -0.18 -0.30 0.18 -0.46 0.32 0.07 0.10 -0.24 0.21 0.92 -0.01 -0.17 0.09 
24/10/01 -0.14 -0.49 -0.52 -0.10 -0.87 0.21  0.09 -0.51 0.16 0.84 -0.37 -0.51 0.04 
5/12/01         0.10   -0.04   
 
Date 
BH 
45 
BH 
47 
BH 
50 
BH 
51 
BH 
53 
BH 
54 
BH 
55 
BH 
58 BH7 BH8 
BH 
56 
BH 
60 JW1  
1/12/99 0.35  -0.12 -0.07 0.53 0.43 0.63 0.51 0.93 0.42 0.43 0.96 1.36  
13/1/00 0.15 -0.09 -0.13 -0.18 0.52 0.26 0.81 0.42 0.85 0.31 0.43 0.88 1.10  
16/2/00 0.05 -0.16 -0.18 -0.22 0.30 0.17 0.66 0.33 0.62 0.23 0.44 0.83 0.96  
15/3/00 0.33 0.00 0.07 -0.02 0.87 0.42 0.75 0.59 0.82 0.36 0.60 0.89 1.01  
22/4/00 -0.08 -0.27 -0.37 -0.19 0.23 -0.01 0.31 0.09 0.38 -0.02 0.41 0.62 0.73  
16/5/00 -0.03 -0.24 -0.30 -0.16 0.23 0.10 0.42 0.15 0.43 0.10 0.50 0.73 0.69  
15/6/00 0.23 -0.08 0.08 0.03 0.90 0.54 0.85 0.98 0.61 0.40 0.51 0.99 0.84  
5/7/00 0.15 -0.16 -0.21 -0.07 0.79 0.47 0.69 0.92 0.49 0.19 0.45 1.09 0.77  
16/8/00 -0.02 -0.29 -0.32 -0.18 0.61 0.17 0.44 0.23 0.31 0.04 0.38 0.79 0.66  
15/9/00 -0.28 -0.43 -0.46 -0.27 0.23 -0.06 0.21 0.02 0.17 -0.17 0.30 0.57 0.52  
26/9/00  -0.44           0.33  
29/9/00      -0.11 0.15  0.11 -0.21 0.20 0.56   
3/10/00 -0.37  -0.57 -0.33    -0.09       
6/10/00     0.10          
19/10/00 -0.41 -0.45 -0.59 -0.33 0.00 -0.18 0.10 -0.12 -0.02 -0.28 0.17 0.62 0.40  
20/11/00 0.17 -0.16 -0.16 -0.12 0.24 0.23 0.34 0.28 0.09 0.15 0.28 0.99 0.48  
7/12/00  -0.16       0.09 0.15  0.45   
18/12/00 0.05 -0.25 -0.47 -0.22 -0.05 -0.15 0.06 0.05 0.01 -0.13 0.28 0.79 0.44  
16/1/01 -0.07 -0.27 -0.55 -0.31 -0.15 -0.20 0.00 0.05 -0.11 -0.30 0.22 0.68 0.33  
19/2/01 0.22 -0.06  -0.09 0.56 0.22 0.50 0.40 0.28 0.04 0.37 0.75 0.67  
23/3/01 0.21 -0.03  -0.02 0.84 0.48 0.73 0.66 0.21 0.14 0.48 0.95 0.91  
20/4/01 -0.09 -0.18  -0.19 0.28 0.06 0.32 0.22 0.01 -0.12 0.36 0.67 0.69  
22/5/01 0.11 -0.20  -0.12 0.32 0.51 0.81 0.30 -0.08 -0.13 0.58 1.03 0.80  
22/6/01 -0.02 -0.25  -0.21 0.27 0.50 0.80 0.12 -0.18 -0.28 0.44 1.02 0.64  
24/10/01  -0.31  -0.25 -0.05 -0.03 0.28 -0.02 -0.45 -0.32 0.48 0.67 0.42  
5/12/01             0.69  
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Basal groundwater levels – density corrected (m AHD) 
Date  JW2 JW3 JW4 JW5 JW6 
1/12/99 1.33 1.51 1.49 2.62 1.36 
13/1/00 1.29 1.45 1.33 1.58 1.27 
16/2/00 1.25 1.39 1.18 1.74 1.26 
15/3/00 1.23 1.31 1.09 1.35 1.15 
22/4/00 1.13 1.17 0.93 1.26 1.20 
16/5/00 1.11 1.15 0.87 1.35 1.20 
26/5/00 1.09   1.36 1.20 
15/6/00 1.08 1.11 0.86 1.21 1.24 
5/7/00 1.06 1.10 0.94 1.42 1.25 
16/8/00 1.01 1.04 0.85 1.42 1.23 
15/9/00 0.89 0.93 0.72 1.31 1.17 
26/9/00     1.17 
3/10/00    1.13  
6/10/00 0.85 0.83 0.57   
19/10/00 0.83 0.80 0.49 0.79 1.14 
20/11/00 0.83 0.81 0.50 0.93 1.20 
7/12/00   0.52   
18/12/00 0.76 0.75 0.52 1.00 1.16 
16/1/01 0.70 0.70 0.46 0.93 1.14 
19/2/01 0.76 0.81 0.70 1.00 1.27 
23/3/01 0.79 0.90 0.81 1.31 1.25 
20/4/01 0.75 0.88 0.75 1.23 1.24 
22/5/01 0.78 0.88 0.71 1.25 1.27 
22/6/01 0.74 0.84 0.62 1.19 1.23 
24/10/01 0.62 0.65 0.24 0.90 1.18 
5/12/01    1.33 1.23 
Bedrock groundwater levels – density corrected (m AHD) 
Date 
M.Sultmann  
 - bore 
P.Smith 
 - bore 
P.Lehmann 
- bore  
D.Huth 
- well 
13/1/00 2.28    
16/2/00 1.91    
15/3/00 2.11 8.10   
22/4/00 1.72    
16/5/00 1.86 7.47   
15/6/00 1.91 7.07   
5/7/00 2.05 7.03   
26/7/00   1.01  
16/8/00 1.72 6.43 0.76  
15/9/00 1.48   1.71 
26/9/00  5.92   
29/9/00 1.38    
6/10/00   0.04  
19/10/00 1.21 5.72 -0.12 1.41 
20/11/00 1.41 4.95 -0.44 1.32 
18/12/00 1.23 4.85 -0.59 1.36 
16/1/01 1.08 4.19 -0.76 1.27 
19/2/01 1.49 5.13 -0.70 2.10 
23/3/01 1.48 5.02 -0.62 1.95 
20/4/01 1.29 4.83 -0.80 1.73 
22/5/01 1.16 4.94 -0.94 1.67 
22/6/01 1.00 4.56 -1.11 1.50 
24/10/01 0.73  -1.70 0.81 
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Surface water levels (m AHD) 
Date  
Channel 
adj. BH10 
Channel 
adj. BH15 
Channel 
adj. BH47 
Channel 
adj. BH50 
Channel 
adj. BH51 
15/3/00  -0.32 -0.43 -0.34 -0.35 
22/4/00  -0.35 -0.42 -0.40 -0.36 
16/5/00  -0.39 -0.41 -0.41 -0.34 
26/5/00      
15/6/00  -0.35 -0.39 -0.35 -0.33 
5/7/00 0.11 -0.30 -0.36 -0.35 -0.27 
26/7/00   -0.42  -0.36 
17/8/00 -0.28 -0.40 -0.42 -0.43 -0.34 
15/9/00 -0.42 -0.45 -0.44 -0.54 -0.39 
26/9/00   -0.47   
29/9/00 -0.41     
3/10/00    -0.55 -0.44 
6/10/00  -0.46    
19/10/00 -0.44 -0.51 -0.46 -0.55 -0.38 
20/11/00 -0.32 -0.47 -0.44 -0.51 -0.37 
7/12/00   -0.46   
18/12/00 -0.27 -0.45 -0.42 -0.51 -0.36 
16/1/01 -0.06 -0.47 -0.48 -0.53 -0.41 
19/2/01 0.14 -0.25 -0.38 -0.29 -0.30 
23/3/01 0.18 -0.27 -0.45 -0.28 -0.29 
20/4/01 0.08 -0.33 -0.40 -0.42 -0.33 
22/5/01 0.15 -0.35 -0.43 -0.40 -0.34 
22/6/01 0.05 -0.35 -0.43 -0.51 -0.34 
24/10/01 -0.31 -0.31 -0.45 -0.36 -0.36 
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Appendix B) Groundwater and surface water chemistry 
Representative samples (all chemical analyses reported in mg/L, isotope analyses reported in permil 
enrichment (‰)). 
Sample  BH10 BH12 BH13 BH14 BH15 BH16 BH17 BH18 BH19 BH21 
Date 24/10/01 24/10/01 24/10/01 25/10/01 25/10/01 25/10/01 8/12/99 27/5/00 2/3/00 21/6/01 
pH 7.9 7.8 6.7 7 7.1 7.2 6.9 6.6 7 6.7 
Eh (mV) 0.093 -0.026 0.121 -0.072 -0.052 -0.117 0.073 0.131 0.063 0.076 
T (°C) 21.0 20.1 20.3 20.8 21.9 20.3 20.9 22.4 23 22.8 
EC (mS/cm) 1 755 17 800 39 400 35 500 28 500 6 300 40 200 49 800 41 900 377 
Density (g/cc) NA 1.0075 1.0235 NA 1.0105 1.0015 NA NA NA 0.9975 
Na 325 4 160 7 450 6 700 5 276 952 9 000 9 478 9 704 28.9 
K 15 192 217 220 191 32 390 289 311 3.9 
Mg 6.2 490 1 109 938 780 156 1 096 1 183 1 143 5.3 
Ca 3.32 179 564 337 222 419 234 278 357 36.6 
Cl 382 6 710 12 112 11 390 9 256 692 17 234 19 164 14 767 21.8 
SO4 53 1 828 2 505 1 930 280 2 433 55 270 2 420 26.4 
HCO3 252 910 1431 934 2 712 339 1 573 974 1 326 142 
Sr 0.041 2.37 7.89 4.54 3.5 1.64 7.38 6.05 5.8 0.196 
Mn 0.057 0.46 0.89 0.44 0.94 0.27 0.89 0.16 0.55 0.31 
Fe 1.03 6.5 22.3 19.6 4 0.88 0.07 7.2 2.2 30 
Zn 0.008 0.03 0.06 0.01 ND ND 0.02 0.05 ND 0.06 
F 6.4 ND ND 2 ND 0.5 2 ND 0.3 0.43 
Br 1.3 20 36 36 30 3.2 66 64 44 0.15 
NO3 ND ND 4 14 ND 1.3 1.6 1 3 0.21 
Al 0.18 ND ND ND ND ND ND ND 0.33 0.26 
PO4 11.8 1 8 ND 6 0.4 ND ND ND ND 
H3SiO4 39 33 39 74 54 36 45 114 32 80 
O2 1 1 0.68 0.44 0.33 0.6 1 0.56 0.16 1.09 
18O(H2O) (‰) -3.31 -3.08 -1.39 -1.97 -1.56 -3.4 NA NA -1.19 NA 
2H(H2O) (‰) -19.2 -14 -4.3 -8.7 -4.9 -13.4 NA NA -4.2 NA 
34S(H2O) (‰) 16.9 -2.3 28.3 NA 20.2 -14.5 NA NA NA NA 
18O(SO4) (‰) 4.34 18.12 18.92 NA 14.89 13.48 NA NA NA NA 
ion balance  -3.56% -1.48% 3.71% 1.86% -0.3% 0.15% -1.03% -2.89% 5.13% 14.47% 
ND = not detected 
NA = not analysed 
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Sample  BH23 BH24 BH26 BH28 BH36 BH38 BH39 BH45 BH47 BH50 
Date 2/3/00 2/3/00 3/10/00 19/6/01 25/10/01 3/10/00 8/12/99 3/10/00 25/10/01 3/3/00 
pH 6.9 6.9 5.7 7.2 6.9 7.6 7.7 7.4 7.5 7.1 
Eh (mV) 0.065 0.094 0.189 0.094 0.031 0.268 0.231 0.158 0.068 0.098 
T (°C) 22 23.3 23.6 24.1 20.8 23.8 28.7 22.6 21 24.2 
EC (mS/cm) 61 600 46 300 160 1 240 81 100 38 200 39 300 41 700 34 800 32 300 
Density (g/cc) NA 1.0205 0.998 NA 1.046 NA NA 1.0175 1.015 NA 
Na 14 598 11 002 30.1 273 16 920 8 865 8 140 8 512 6 540 7 792 
K 408 345 1.6 15 436 274 324 210 342 198 
Mg 1 811 1 252 1.7 5.6 3 429 1 226 1 221 1 435 1 123 991 
Ca 665 501 7 10 1 949 462 530 675 437 650 
Cl 24 952 17 733 30.7 148 31 098 14 384 16 237 14 177 10 942 10 998 
SO4 3 308 2 061 10.7 14 7 923 2 962 251 3 286 2 992 3 519 
HCO3 737 612 22 462 482 769 2087 1 596 723 763 
Sr 10.1 7.4 0.043 0.075 19.1 6.3 11.5 6.4 6.7 6.5 
Mn 1.23 1.2 0.056 0.061 6.4 0.96 0.91 2.05 0.71 1.23 
Fe 2 46 12.7 2.1 15 0.08 0.9 1.6 24.8 13.2 
Zn 0.04 ND 0.02 ND 0.04 ND ND 0.1 ND ND 
F 1 ND ND 3.3 ND ND 1 1 ND 2 
Br 74 53 0.08 3 90 45 52 43 32 31 
NO3 ND 3 2.1 0.8 ND 13 6 5 ND 21 
Al 0.68 1.55 0.06 1.02 ND ND ND ND ND 0.7 
PO4 ND ND ND 14.6 ND ND ND ND ND ND 
H3SiO4 24.5 56 81 83 9 46 44 52 56 26 
O2 0.1 4.2 2.8 ND 2.7 6.3 5.3 4.8 0.07 4.7 
18O(H2O) (‰) NA NA NA NA -0.34 NA NA NA -2.16 NA 
2H(H2O) (‰) NA NA NA NA -1.1 NA NA NA -9.9 NA 
34S(H2O) (‰) NA NA NA NA 13.7 NA NA NA 11 NA 
18O(SO4) (‰) NA NA NA NA 16.56 NA NA NA 18.36 NA 
ion balance  2.61% 5.41% 21.51% 4.05% 3.51% 3.6% -0.87% 3.18% 3.2% 7.22% 
ND = not detected 
NA = not analysed 
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Sample  BH51 BH53 BH54 BH55 BH56 BH58 BH60 BH7 BH8 
Huth 
well 
Date 3/3/00 21/6/01 25/10/01 29/9/00 3/3/00 2/3/00 25/10/01 24/10/01 7/12/00 16/12/99 
pH 6.6 6.8 6.7 7.3 7 7 6.8 7.8 6.6 5.4 
Eh (mV) 0.106 0.127 0.162 0.143 0.086 0.105 0.119 0.049 -0.014 0.424 
T (°C) 23.3 21.7 19.1 20 22.8 22 20.9 20.5 23.5 22.4 
EC (mS/cm) 35000 1510 47000 1010 61500 51000 81200 2270 15300 175 
Density (g/cc) 1.017 NA 1.0215 0.999 1.030 1.024 1.040 0.997 NA 0.998 
Na 7976 200 9117 164 15002 12036 17150 392 2865 6.95 
K 192 6.4 299 9.1 417 327 551 34.3 38 0.24 
Mg 1055 45 1182 11.7 1691 1487 2233 27.1 620 4.1 
Ca 1164 20 1460 7.4 690 594 846 24.7 95 12.6 
Cl 12249 443 18210 242 25441 19533 32043 354 4804 23.93 
SO4 3763 32.5 2340 27 3355 3022 4404 195 1463 1.19 
HCO3 546 ND 221 26 538 681 490 469 793 10.5 
Sr 9.8 0.329 19.6 0.079 9.6 8.3 12.9 0.234 0.67 0.051 
Mn 0.71 0.08 2.79 0.064 0.51 0.54 1.32 0.221 1.37 0.018 
Fe 74 14 3.5 1.92 17.1 14.3 28 0.96 23 0.011 
Zn ND 0.03 0.04 0.005 ND ND ND 0.01 0.21 0.077 
F 1 0.3 6 0.3 1 ND 3 2.1 1 ND 
Br 35 1 54 0.8 78 57 105 1.1 15 0.08 
NO3 ND 0.2 ND 0.4 ND ND ND 0.3 1.5 19.76 
Al ND 1.5 ND 0.24 ND 14.5 ND 0.22 ND ND 
PO4 ND ND ND 2.45 ND ND ND 3.8 17 0.02 
H3SiO4 23 7 19 12 21 34 10 33 18 8 
O2 0.42 2.7 0.17 0.25 0.5 0.19 0.14 0.2 0.85 3.3 
18O(H2O) (‰) NA NA -0.51 NA 2.15 NA 2.73 -3.42 NA NA 
2H(H2O) (‰) NA NA -0.3 NA 9.3 NA 15.4 -15.2 NA NA 
34S(H2O) (‰) NA NA NA NA NA NA 22.3 -2.3 NA NA 
18O(SO4) (‰) NA NA NA NA NA NA 14.77 9.23 NA NA 
ion balance  7.11% 3.2% 0.7% 5.56% 2.47% 4.49% -0.89% -0.98% 0.83% 3.54% 
ND = not detected 
NA = not analysed 
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Sample  
Channel 
adj. 
BH10 
Channel 
adj. 
BH13 
Channel 
adj. 
BH15 
Channel 
adj. 
BH15 
Channel 
adj. BH17 
Channel 
adj. 
BH18 
Channel 
adj. 
BH47 
Channel 
adj. 
BH56 
Eggert 
house 
bore 
Hotham 
Creek - 
Holms 
weir  
Date 17/2/00 27/5/00 20/6/01 6/10/00 6/10/00 3/3/00 26/9/00 19/2/01 6/10/00 26/5/00 
pH 7.6 7.6 7 6.8 7.4 8.6 7.3 7.3 5.6 7.3 
Eh (mV) 0.129 0.195 0.235 0.329 0.222 0.122 0.22 0.435 0.283 0.199 
T (°C) 26.8 21.6 17.9 25.5 25.5 29.7 26.6 28.2 21.4 18 
EC (mS/cm) 50000 41200 34200 46100 34300 5300 60900 26900 276 1658 
Density (g/cc) NA NA NA NA NA NA NA NA NA NA 
Na 9452 7672 8086 10240 7240 995 12622 NA 26.5 214 
K 411 316 281 372 210 36 473 NA 0.76 9.9 
Mg 1137 1090 962 1304 957 214 1581 NA 7.45 29.2 
Ca 502 367 311 437 329 114 526 NA 15.4 19.5 
Cl 17847 15439 12855 18087 12284 962 22406 NA 48.7 393.5 
SO4 2435 2180 2205 2553 1666 1439 2996 NA 0.68 55.4 
HCO3 159 153 125 122 170 252 142 NA ND 79.3 
Sr 7.2 5.98 4.84 6.5 4.4 0.26 8 NA 0.086 0.207 
Mn 0.09 0.23 0.227 0.412 1.06 0.74 0.119 NA 0.061 0.189 
Fe 0.53 0.13 0.54 0.22 2.02 0.5 0.022 NA 0.05 0.91 
Zn ND ND 0.07 ND ND 0.05 0.04 NA 0.03 ND 
F 4 ND ND 1 2 0.3 3 NA ND 0.35 
Br 64 51 41 58 39 2.5 72 NA 0.17 1.3 
NO3 11 2 ND 3 8 9.6 1.5 NA 58 0.7 
Al ND ND ND ND 0.9 ND ND NA ND 0.006 
PO4 ND 1 4 ND 3 ND ND NA ND ND 
H3SiO4 7.2 72 ND 6 12 34 11 NA 10 8.9 
O2 4.1 4.4 5.2 3.7 1.9 6.6 5.5 5.9 4.8 4.7 
18O(H2O) (‰) NA NA NA NA NA 3.58 NA NA -3.89 NA 
2H(H2O) (‰) NA NA NA NA NA 17.2 NA NA -16.8 NA 
34S(H2O) (‰) NA NA NA NA NA NA NA NA NA NA 
18O(SO4) (‰) NA NA NA NA NA NA NA NA NA NA 
ion balance  -1.59% -3.65% 4.93% 1.57% 3.87% 4.74% 1.4% NA 4.82% -2.27% 
ND = not detected 
NA = not analysed 
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Sample  
Hotham 
Creek  - 
Fern 
Hill JW1 JW2 JW3 JW4 JW5 JW6 
Sultmann 
farm 
bore 
Lehman 
farm 
bore 
Smith 
farm 
bore  
Date 26/5/00 26/5/00 25/10/01 6/10/00 6/10/00 24/10/01 26/9/00 19/6/01 6/10/00 26/9/00 
pH 7.9 5.9 6.2 6.5 5.7 6.2 4.9 3.8 7.1 5 
Eh (mV) 0.214 0.105 -0.109 0.07 0.231 0.143 0.367 0.371 0.059 0.377 
T (°C) 18 23.1 20.5 23.1 22.2 20.6 24.3 22.9 23.1 23.6 
EC (mS/cm) 374 109 16980 18100 38600 71100 9790 3310 1368 1489 
Density (g/cc) NA 0.997 1.0055 1.007 1.021 1.035 NA NA NA 0.998 
Na 49.5 15.4 1562 3085 7434 12420 1033 564 231 272 
K 2.1 1.2 47 37 72 206 33.8 10.6 1.3 4.3 
Mg 8.9 1.96 717 630 1769 2275 404 55 14 8.2 
Ca 11 0.78 1088 695 1683 2338 535 17 10.1 2.64 
Cl 91 24 5975 7385 16316 27452 3400 943 347 263 
SO4 8.6 2.4 282 417 2000 3207 21.4 186 2.2 182 
HCO3 53.3 7.6 149 247 227 128 ND ND 50 ND 
Sr 0.112 0.012 9.2 5.8 16.1 26.3 5.2 0.23 0.064 0.033 
Mn 0.043 0.033 18.2 4.62 21 17.1 10.9 0.517 0.97 0.6 
Fe 0.35 3.6 81.2 232 45 152 6.9 2 34 1.73 
Zn 0.005 ND 0.025 0.1 0.07 0.15 0.11 0.03 0.66 0.16 
F 0.06 0.01 1 0.5 ND ND 0.2 ND 0.5 0.15 
Br 0.3 0.1 20 23.5 52 96 12.4 3.1 1.05 0.95 
NO3 1.35 0.18 ND 4.5 7 ND 3 24.7 33.75 5.5 
Al 0.062 0.59 0.3 ND ND 1.6 ND 7.95 0.48 0.28 
PO4 ND ND 5 ND ND ND ND ND ND ND 
H3SiO4 13 9.5 66 33 103 ND 253 19 3 107 
O2 6.2 ND 0.05 ND 1.42 0.11 0.25 0.45 ND 0.7 
18O(H2O) (‰) NA -3.7 -3.03 NA NA 0.06 NA NA -4.04 -3.78 
2H(H2O) (‰) NA -16 -13.3 NA NA 2 NA NA -18.3 -17.4 
34S(H2O) (‰) NA NA 27.4 NA NA 21.7 NA NA NA NA 
18O(SO4) (‰) NA NA 17.92 NA NA 13.92 NA NA NA NA 
ion balance  -1.79% 10.08% 2.49% 1.96% 4.81% 0.68% 4.89% -1.04% 7.32% 6.31% 
ND = not detected 
NA = not analysed 
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Sample  
Pimpama 
River –
Stewarts 
Road 
Pimpama 
River – 
Ormeau 
Bridge 
standard 
seawater 
* 
bay 
water       
Date 7/12/00 7/12/00  3/10/00       
pH 7.4 8.3 8 8.1       
Eh (mV) 0.13 0.221 NA 0.26       
T (°C) 30.6 26.6 NA 26.5       
EC (mS/cm) 684 463 50000 53800       
Density (g/cc) NA NA 1.025 1.024       
Na 84 51 10500 11570       
K 2.6 0.023 380 428       
Mg 21.5 15 1350 1442       
Ca 11 7 400 459       
Cl 137 104 19000 20092       
SO4 8.5 6.9 2700 2696       
HCO3 132 82 142 143       
Sr 0.042 0.037 8.1 7.3       
Mn 2.5 0.49 0.002 0.022       
Fe 4.1 2.9 0.01 0.014       
Zn ND 0.02 0.01 ND       
F 0.05 0.04 1.3 2       
Br 0.39 0.26 65 66       
NO3 0.25 0.08 NA 4       
Al ND ND 0.1 ND       
PO4 ND ND NA ND       
H3SiO4 4.2 6.4 6.4 6       
O2 0.5 4.5 NA 5.8       
18O(H2O) (‰) NA NA 0 NA       
2H(H2O) (‰) NA NA 0 NA       
34S(H2O) (‰) NA NA 21 NA       
18O(SO4) (‰) NA NA 9.5 NA       
Ion balance  0.49 -6.01 0.21 2.32       
ND = not detected 
NA = not analysed 
*reference. CRC Handbook of Chemistry and Physics, 65th edition, 1984. 
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Appendix C) Hydraulic testing - shallow bores 
Bore i.d.  Predominant sediment type around 
screen (Geocoastal Pty. Ltd., 1998) 
Estimated hydraulic 
conductivity (m/day) 
BH7 Muddy fine to medium grained sand Medium flow 
BH8 Clean fine to coarse grained sand Medium flow 
BH10 Muddy medium grained sand Medium flow 
BH12 Silty fine to medium grained sand Medium flow 
BH13 Silty fine to medium grained sand Low flow 
BH14 Stiff clay Very low flow 
BH15 Silty clay Low flow (0.60 m/day) 
BH16 Muddy sand Very low flow 
BH17 Silty clay No flow 
BH18 Silty clayey sand Low flow 
BH19 Silty clay Low flow 
BH21 Silty fine to medium grained sand Med. flow ( 3.7 m/day) 
BH23 Silty fine to medium grained sand Medium flow 
BH24 Silty fine to medium grained sand Very low flow 
BH26 Silty fine to medium grained sand Low flow (0.46 m/day ) 
BH28 Silty fine to medium grained sand Medium flow 
BH36 Clean fine to medium grained sand Medium flow 
BH38 Muddy fine sand Low flow 
BH39 Silty clay No flow 
BH45 Muddy fine to medium grained sand Low flow 
BH47 Clean fine sand Medium flow 
BH50 Muddy fine to v. coarse grained sand Low flow 
BH51 Clean fine sand Medium flow 
BH53 Organic-stained fine sand Medium flow 
BH54 Clean fine to coarse grained sand Medium flow 
BH55 Clean fine sand Medium flow 
BH56 Muddy fine sand Medium flow 
BH58 Silty fine to medium grained sand Medium flow 
BH60 Silty fine to medium grained sand Medium flow 
JW1 Clean fine to medium grained sand Fast flow 
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Appendix D) Numerical model input – maximum ET rates (m/day) 
Stress 
period 
Week 
ending 
Weekly 
pan 
(mm) 
Max. 
ET rate 
(m/day) 
Stress 
period 
Week 
ending 
Weekly 
pan 
(mm) 
Max. 
ET rate 
(m/day) 
Stress 
period 
Week 
ending 
Weekly 
pan 
(mm) 
Max. 
ET rate 
(m/day) 
1 18/01/00 29.8 0.0036 41 24/10/00 32.4 0.0039 81 31/07/01 18.0 0.0022 
2 25/01/00 47.8 0.0057 42 31/10/00 29.0 0.0035 82 7/08/01 20.9 0.0025 
3 1/02/00 30.6 0.0037 43 7/11/00 28.8 0.0035 83 14/08/01 22.6 0.0027 
4 8/02/00 43.2 0.0052 44 14/11/00 47.4 0.0057 84 21/08/01 29.6 0.0036 
5 15/02/00 27.8 0.0033 45 21/11/00 23.0 0.0028 85 28/08/01 31.4 0.0038 
6 22/02/00 40.4 0.0048 46 28/11/00 44.0 0.0053 86 4/09/01 32.0 0.0038 
7 29/02/00 34.6 0.0041 47 5/12/00 48.3 0.0058 87 11/09/01 27.9 0.0033 
8 7/03/00 31.6 0.0038 48 12/12/00 43.8 0.0053 88 18/09/01 27.4 0.0033 
9 14/03/00 27.4 0.0033 49 19/12/00 35.8 0.0043 89 25/09/01 47.0 0.0056 
10 21/03/00 24.0 0.0029 50 26/12/00 45.2 0.0054 90 2/10/01 35.4 0.0042 
11 28/03/00 24.2 0.0029 51 2/01/01 40.0 0.0048 91 9/10/01 38.6 0.0046 
12 4/04/00 25.2 0.0030 52 9/01/01 48.0 0.0058 92 16/10/01 35.5 0.0043 
13 11/04/00 23.6 0.0028 53 16/01/01 42.4 0.0051 93 23/10/01 45.4 0.0055 
14 18/04/00 18.0 0.0022 54 23/01/01 41.0 0.0049     
15 25/04/00 17.0 0.0020 55 30/01/01 47.2 0.0057     
16 2/05/00 19.3 0.0023 56 6/02/01 38.7 0.0046     
17 9/05/00 17.8 0.0021 57 13/02/01 37.5 0.0045     
18 16/05/00 20.8 0.0025 58 20/02/01 33.2 0.0040     
19 23/05/00 15.0 0.0018 59 27/02/01 43.2 0.0052     
20 30/05/00 15.6 0.0019 60 6/03/01 41.8 0.0050     
21 6/06/00 19.0 0.0023 61 13/03/01 26.7 0.0032     
22 13/06/00 11.8 0.0014 62 20/03/01 34.5 0.0041     
23 20/06/00 12.6 0.0015 63 27/03/01 37.6 0.0045     
24 27/06/00 15.9 0.0019 64 3/04/01 32.3 0.0039     
25 4/07/00 16.2 0.0019 65 10/04/01 28.0 0.0034     
26 11/07/00 12.3 0.0015 66 17/04/01 27.3 0.0033     
27 18/07/00 17.1 0.0021 67 24/04/01 25.1 0.0030     
28 25/07/00 17.5 0.0021 68 1/05/01 21.6 0.0026     
29 1/08/00 14.4 0.0017 69 8/05/01 23.2 0.0028     
30 8/08/00 20.9 0.0025 70 15/05/01 20.4 0.0024     
31 15/08/00 19.2 0.0023 71 22/05/01 23.5 0.0028     
32 22/08/00 22.3 0.0027 72 29/05/01 20.0 0.0024     
33 29/08/00 26.5 0.0032 73 5/06/01 14.9 0.0018     
34 5/09/00 31.6 0.0038 74 12/06/01 16.8 0.0020     
35 12/09/00 32.4 0.0039 75 19/06/01 18.8 0.0023     
36 19/09/00 34.0 0.0041 76 26/06/01 17.0 0.0020     
37 26/09/00 27.2 0.0033 77 3/07/01 14.9 0.0018     
38 3/10/00 38.4 0.0046 78 10/07/01 17.4 0.0021     
39 10/10/00 33.4 0.0040 79 17/07/01 17.2 0.0021     
40 17/10/00 28.8 0.0035 80 24/07/01 17.6 0.0021     
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Appendix E) Numerical model output – flow paths at Skopps Road, with 
uncorrected g/w levels. 
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Abstract: The Pimpama coastal plain is located in southern Moreton Bay, southeast Queensland, and
constitutes a low-energy system behind sand barrier islands. Recharge to the shallow groundwater
system is by direct infiltration while recharge to the deeper aquifers includes a component from
landward ranges on the western margin or bedrock outcrops within the plain. The shallow groundwater
regime is complicated by a network of drains. Considering these current recharge characteristics, the
salinity of the plain is unusually high.
The stratigraphy of the predominantly Holocene-age unconsolidated sediments in this setting is
complex, and within this salinity varies from fresh to hypersaline.
Groundwater chemistry is highly variable. Groundwater hydrographs have enabled the delineation of
flow systems ; a deeper system that responds to seasonal weather patterns, and a shallower system more
responsive to individual rainfall events. Deeper semi-confined saline and hypersaline groundwaters
display elevated piezometric heads. However, the degree of connectivity between deeper groundwater
and shallower groundwater and surface drains is yet to be determined.
The dominant processes controlling groundwater evolution are transpiration, evaporation, ion
exchange, and dissolution/precipitation of gypsum and calcite. The use of major ion ratios such as
Na/Cl , SO4/Cl, and Sr/Ca, combined with stable isotope analyses (d
2H and d18O) prove effective in
identifying and discriminating between hydrologic processes. Of particular interest is the relationship
of evaporation and transpiration to environmental isotope signatures. The major cause of hypersalinity
is proposed as being related to supratidal mangroves in a recent higher sea level regime.
A model for the current distribution of groundwater and surface water chemical types is proposed,
which reconciles salinity distributions with tidal and sea level changes during the Holocene period. The
implications of these chemical variations, in particular salinity, for the feasibility of numerical
modelling under water management scenarios are discussed.
Key words: Coastal aquifers; hydrochemistry; salt-water/fresh-water relations; stable isotopes; Brisbane,
Australia.
INTRODUCTION
Development of a conceptual model of groundwater flow involves the consideration of
hydrologic processes combined within a geologic framework. In a low-energy estuarine setting,
hydrology may not necessarily be well defined by consideration of groundwater hydraulics alone. Due to
the presence of deformable, low-permeability strata and large variations in groundwater salinity, factors
such as marked differences in density, osmotic pressure or land subsidence may be important controls
over groundwater flow. In such situations, aqueous geochemistry can prove to be a useful tool for either
better defining flow patterns or for validating the results of a hydraulic approach.
In coastal settings, a primary discriminant of groundwater chemical types is salinity (Stuyfzand,
1991) with groundwaters and surface waters typically varying between fresh and hypersaline (i.e. more
saline than seawater). Determination of the processes of concentration and mixing involved in the
chemical evolution of groundwater is equally as important as determining the resultant observed salinity
distributions. To this end, major ion chemistry must be considered, particularly any variations from ionic
ratios characteristic of seawater and local freshwater end members. Further discrimination may then be
required via consideration of minor ion chemistry and relative abundances of stable isotopes.
Significance
The groundwaters within the Pimpama coastal plain represent a limited water resource. The
primary significance of the hydrogeology of the plain is its environmental value, particularly the
interaction of groundwater with surface waters and the unsaturated zone. Degradation of stream quality
can be related to artificial drainage of agricultural areas within the plain (Cook et al., 2000).
The potential for increased salinization through seawater encroachment and acidification due to
chemical changes to existing groundwaters is considered in this paper. Recent associated studies in the
Pimpama area include the mapping of the distribution of acid sulfate sediments, and stream quality
monitoring (Preda and Cox, 2000). Because much of the groundwater within the plain is hypersaline, it is
2important to establish to what extent this salinity is either relict or related to recent seawater
encroachment. The interaction between groundwaters within identified geologic units and their interaction
with surface waters is an important consideration.
Physical and hydrological setting
The Pimpama coastal plain is situated in southern Moreton Bay, Queensland, between two large
tidal rivers (the Logan to the north and the Coomera to the south) (Fig. 1). The plain is a low-energy
system behind large sand barrier islands. This low-lying coastal strip is primarily used for sugarcane
production, but other land use on the plain and in peripheral areas includes industrial, residential and
aquaculture.
Figure 1 Location map of Pimpama coastal plain.
The flood plain forms the coastal strip of a drainage basin of approximately 244 km2. The
topographic divide is a low mountain range (the Darlington Range) that rises to 300 m above sea level to
the west of the plain (Fig. 2). The plain itself is approximately 123 km2 in area and a further 25 km2 of
alluvial deposits occurs principally along stream valleys that drain the Darlington Range. The relief of
most of the plain is negligible; it is mostly <5 m above sea level and many parts are <1 m above sea level.
Only limited extraction of groundwater occurs in the area and tends to be for local domestic use,
rather than for any large-scale irrigation. Currently, the limited agricultural use of groundwater is mainly
for establishment of crops, sugarcane and some other limited livestock.
The Darlington Range is comprised of metamorphosed Paleozoic rock; within the coastal plain
are outcrops of overlying Mesozoic-age sedimentary units. Faulting and variations in lithology add
complexity to the general seaward dip of the bedrock (Grimison, 1999).
The shallow sandy sediments and the underlying clays are primarily related to deposition in a
marine environment and represent the shallow aquifer and aquitard, respectively. The deeper coarser
sediments have a mixed fluvial and marine influence and represent the basal aquifer. Previous
radiocarbon dating (e.g. Lockhart et al., 1998) has confirmed that the majority of the unconsolidated
sediments were deposited during the last major sea level rise (from 20,000 years before present), and this
sedimentation represents rapid embayment infilling.
Approximately 100 years ago, the tidal range within southern Moreton Bay increased due to
formation of a tidal inlet through the barrier islands. More recently, the lower lying parts of the plain have
been subject to deposition controlled by fluvial flood events, which has implications for the variation in
hydraulic parameters and infiltration rates across the plain. Within the clay units, bioturbation indicative
of an intertidal or supratidal setting is evident.
The climate of southeast Queensland is sub-tropical with mildly episodic rainfall. The mean
annual rainfall in the Pimpama area is 1420 mm with maximum rainfall during summer and early autumn,
3December to April. At this time of year, prevailing winds are from the southeast and as a result rainfall
chemistry is predominantly of marine rather than of continental character (i.e. Na-Cl type).
Estimated potential evapotranspiration for the region is in the order of 820-850 mm
(Quarantotto, 1979). Numerical modelling of the shallow aquifer as part of this study indicates that
groundwater hydrographs can be reconciled with monthly effective rainfall values. The observation
period (1999-2001) was preceded by an exceptionally wet winter and also included two exceptionally dry
winters. The average variation of water levels in individual shallow observation bores over this period
was 0.8 m.
The hydrologic framework of the whole coastal plain has been dramatically modified to varying
extents by constructed drainage networks. The Logan River forms the northern border of the coastal plain;
unconsolidated sediments occur to the north of the Logan River but are limited in extent and are bounded
to the north by outcropping Paleozoic rocks. The three main drainage lines within the plain south of the
Logan River are the Pimpama River and Behms Creek, both draining into Moreton Bay, and Sandy
Creek, which drains northeast to the Logan River. In order to improve surface drainage on agricultural
land, in the last 40 years these waterways have been channelised and tidal gates have been constructed at
their outflows. Associated with these channelised streams are smaller ancillary drains. The channelised
streams are referred to hereafter as drains, with the upper catchment waterways referred to as rivers or
creeks. Along the coastal strip, smaller separate drainage systems discharge through small tidal gates.
The water circulation pattern within the main drainage network is complex. Road culverts within
the plain act as "sills" i.e. structures that restrict surface water movement during low tidal stages. As a
result of these sills and the tidal gates, the surface water levels within the drainage system are not strictly
tidal.
To further complicate the surface hydrology, the efficiency of the tidal gates in preventing the
leakage of saline water from Logan River and Moreton Bay has varied over time. Generally, water levels
within the drainage network are between mean sea level and the low tide level, only rising during
significant rainfall events. Otherwise the water levels show a damped tidal effect for much of the tidal
cycle.  However, when daily low tides are increasing, the seaward and upward-swinging gates tend to
remain closed. As a result, drain hydrographs show two non-tidal rising limbs and two tidal falling limbs
per lunar cycle with a typical range of 0.3 m. The efficiency of the tidal gates is hampered by gate design
and by material caught in the gate, which allows some flushing of the drains with seawater. Most of the
smaller drains within the plain dry out in during a normal year. The advent of laser-levelling has allowed a
reduction in drainage density and also gentler gradients within paddocks. Generally, the drainage network
is performing adequately in terms of agricultural land use, but ongoing improvement is desired to improve
environmental values.
Although groundwater within the unconsolidated sediments varies from fresh to hypersaline, the
occurrence of freshwater in the shallow aquifer indicates effective recharge by precipitation. This fresh
groundwater is of limited extent and being of precipitation origin, its distribution is controlled by surface
topography, infiltration rates and the extent of interaction with underlying saline clays.
Streams draining from the landward ranges are fresh and alkaline (pH 7-9). During low flow
periods, stream water is more representative of groundwater from the Paleozoic rocks, with increased Mn
and bicarbonate concentrations. During high flow periods, these streams are principally responsible for
short-term freshening of the drains in the coastal plain.
Groundwater levels
During the monitoring period, dry weather extending over several months in both 2000 and 2001
were interspersed with extended rain events. Resultant groundwater monthly levels exhibited consistent
rates of decline during dry months while some "aliasing" of groundwater responses to individual rainfall
events is expected.
Within the shallow aquifer, water levels show a consistent areal trend. Levels are more elevated
toward the bay, and lower toward the centre of the plain. Individual water levels are not primarily
governed by how proximal bores are to drains. Therefore artificial lowering of the water table is not
simply a bank storage function but is a general trend across the plain. The unexpectedly low water levels
(up to 0.9 m below mean sea level) are attributed to a combination of high evapotranspiration rates and
loss to artificially lowered water levels in surface drains.
4Figure 2 Geology of the Pimpama area, southeast Queensland, showing location of the main drainage
systems within the coastal plain.
Within the basal aquifer, hydraulic heads are consistently higher than in the shallow aquifer. This
transient "overpressure" may be due to hydraulic connectivity with the more elevated water tables
observed within consolidated rocks.
Salinity distribution
An initial survey in 1999 of residential, irrigation and monitoring bores throughout the plain
indicated unexpectedly high groundwater salinity. An across-ground apparent conductivity survey using a
Geonics EM31 sonde was conducted to better define the shallow salinity distribution within plain.
Downhole apparent conductivity was also measured in 10 boreholes to define the vertical salinity
distribution within deeper sediments. Pore water extracts from push core sediments were used to validate
the results of these downhole measurements. Most pore water was extracted by 1:5 dilution with de-
ionised water for Cl analysis, however some samples were extracted via centrifuge in order to determine
major ion chemistry. Generally, downhole apparent conductivity readings of more than 600 mmhos/m
indicated the presence of hypersaline groundwater.
While limited freshwater resources are available in the coastal hamlets, the largely unconfined
shallow groundwater in the remaining low-lying parts of the plain are generally brackish to hypersaline.
The zones of fresh groundwater are shallow lenses within relict tidal shoals, separated by relict tidal
channels.
The low permeability aquitard between the shallow and basal aquifers contains saline
groundwater and is therefore a potential source of salinity in both aquifers. Apparent conductivity profiles
within both the shallow aquifer and the aquitard indicate a general increase in salinity with depth.
Basal semi-confined groundwater is saline to hypersaline. Fresh to brackish water occurs within
bedrock outcrops, although salinity increases with depth in these sedimentary rocks. Limited fresh alluvial
aquifers in the upper catchment have been examined in a previous water resources study (Quarantotto,
1979) but were not considered in this study.
Relatively few of the boreholes monitored indicated significant salinity variations over time. It is
likely that freshening and saline encroachment are occurring simultaneously within different parts of the
plain.
METHODOLOGY
Field methods employed in this and associated studies include drilling, monitoring bore
installation, bedrock morphology via seismic refraction survey, determination of reduced groundwater
and surface water levels, mapping of apparent conductivity, chemical and isotopic analysis of
groundwater and surface waters.
5Approximately 40 groundwater bores were sampled at least 4 times during quarterly sampling
rounds with selected bores sampled 8 times. Physico-chemical parameters (EC, pH, Eh, DO, water
temperature) were measured in the field; water density was also determined via hydrometer. Water
samples were filtered in the field through 0.45 mm filters and stored in chilled plastic bottles. Samples for
cation analysis (Na, K, Mg, Ca, Sr, Mn, Fe, Zn, Si and Al) were acidified with nitric acid and analysed
using ICP-OES. Non-acidified samples were analysed for anions (F, Cl, Br, NO3, PO4 and SO4) using ion
chromatography. Alkalinity expressed as HCO3 was determined by titration with dilute HCl.
Selected groundwater and surface water samples were collected for environmental isotope
analyses (d2H and d18O). Samples were analysed by CSIRO Isotope Analysis Service, Adelaide, South
Australia and Stable Isotope Laboratory, Gracefield Research Centre, New Zealand. Groundwater was
also re-sampled from three boreholes and analysed in order to validate trends. Six groundwater samples
selected on the basis of SO4/Cl ratios were also analysed for d
34S. Results for the sulfur isotope
analyses are to be reported elsewhere.
RESULTS AND DISCUSSION
Introduction
In coastal settings, cation exchange associated with salinity changes is often the dominant
geochemical process and can be identified by cation versus Cl ratios. Typical freshening and
salinization patterns in recent seawater intrusions are well established (e.g. Visher and Mink, 1964;
Mercado, 1985; Appelo and Postma, 1994). In freshening, freshwater with mainly Ca displaces
seawater with mainly Na and Mg.  In salinization, Na and Mg displace Ca leading to supersaturation
with respect to calcite and dolomite (Howard and Mullings, 1996).  Ion exchange involving major and
minor ions has also been reported for hypersaline waters (Tellam, 1995).
Other chemical parameters potentially useful for discrimination of salinity sources are Cl/Br
ratios, sulfur chemistry, and stable isotopes.
Geochemistry
Both abundances and ratios of major and minor ions show distinct groupings of chemical
differences associated with particular settings (Figs. 3 and 4, Tables 1 and 2). Basal groundwater is
typically depleted in Na and K, with an associated Ca enrichment. Basal groundwater is also characterised
by high Mn and Fe concentrations. Shallow groundwater is enriched in both Na and Ca. Depletion and
enrichment trends are more evident in ratios of K/Cl. Trends for Mg/Cl ratios are less obvious. In most
cases, the expected Ca depletion associated with Na enrichment is masked by gypsum or carbonate
dissolution or weathering products from rock-forming minerals.
In fresh groundwaters in the shallow aquifer, significant cation enrichment is related to
weathering products. This excess of cations, particularly Na, causes a consistently positive ion imbalance
in many samples. Based on ion chromatogaphy results, the likely complimentary anions are as yet
unquantified amounts of organic acids. Therefore, while typical ion exchange indicates saline intrusion in
the basal aquifer, the non-inert nature of the shallow aquifer cause trends of both freshening and intrusion
to be less clear.
Groundwater variations in sulfur chemistry indicate processes of oxidation and reduction, and
gypsum precipitation as indicated by SO4/Cl ratios which differ significantly from the ratio typical of
seawater. Sulfate retardation may play a secondary role in affecting these ratios, particularly in association
with saline intrusion in the basal aquifer. Within shallow estuarine groundwaters, further discrimination of
water types is possible based on SO4/Cl ratios. Low SO4/Cl ratios primarily indicate sulfate reduction and
formation of pyritic compounds. Such SO4 depletion is evident within low permeability strata at
intermediate depth and also within the basal aquifer. Four groupings of shallow estuarine groundwaters
emerge based on salinity and SO4/Cl ratios: (1) oxidised fresh to brackish (SO4/Cl = 0.25 to 3.0), (2)
reduced fresh to brackish (SO4/Cl less than 0.12), (3) oxidised saline (SO4/Cl = 0.2 to 0.3), and less-
oxidised saline (SO4/Cl = 0.12 to 0.2). These groupings can be attributed primarily to the degree of
lowering of groundwater level. Less-oxidised groundwater may be due to mixing with surface waters in
drains or with deeper more-reduced groundwater from either the basal aquifer or the aquitard.
Mineral solubility indices (SIs) were generated using the PHREEQE software. While the salinity
of many of the samples causes overestimation of the absolute SI, the relative degree of saturation is a
useful tool in interpreting ionic ratios.
 Following are the main features observed:
· gypsum undersaturation is associated with high Sr/Ca ratios (Fig. 4), and is found in saline
groundwater associated with the aquitard.
· while most shallow groundwaters indicate calcite saturation, basal groundwater is
undersaturated.
6· dolomite saturation is indicated in many samples however dolomite has not been detected in
sediments.
· primarily due to high Fe concentrations, deeper groundwaters are oversaturated with respect
to the iron-bearing minerals siderite, haematite and goethite.
Generally, groundwater samples do not have Cl/Br values varying much from 300, therefore
dissolution of evaporite deposits can be discounted as a source of salinity. In fresher groundwaters, Br
enrichment is associated with increased P and F levels and is related to contamination by fertiliser
application.
Nitrate is more common in the bedrock and shallow aquifers. Assuming that rates of fertiliser
addition are similar in both settings, the lower concentrations in the shallow aquifer are attributed to
nitrate reduction.
Table 1 Physico-chemical and major ion chemistry analyses of representative groundwaters and surface
waters.
Sample   pH Eh E.C. D.O. Density Na K Mg Ca Cl SO4 HCO3
Volts mS/cm mg/L  g/cc
Shallow groundwater - estuarine
BH10 7.9 0.093 1.76 1.0 NA 325 15 6.2 3.3 382 53 252
BH15 7.1 -0.052 28.5 0.33 1.0105 5276 191 780 222 9256 280 2712
BH47 7.5 0.068 34.8 0.07 1.015 6540 342 1123 437 10942 2992 723
BH14 7.0 -0.072 35.5 0.44 NA 6700 220 938 337 11390 1930 934
BH13 6.7 0.121 39.4 0.68 1.0235 7450 217 1109 564 12112 2505 1431
BH19 7.0 0.063 41.9 0.16 NA 9704 311 1143 357 14767 2420 1326
Shallow groundwater - coastal
BH54 6.7 0.162 47 0.17 1.0215 9117 299 1182 1460 18210 2340 221
BH56 7.0 0.086 61.5 0.50 1.030 15002 417 1691 690 25441 3355 538
BH60 6.8 0.119 81.2 0.14 1.040 17150 551 2233 846 32043 4404 490
Basal groundwater
JW5 6.2 0.143 71.1 0.11 1.035 12420 206 2275 2338 27452 3207 128
Bedrock groundwater
Eggert 5.6 0.283 0.28 4.8 NA 26 0.8 7.4 15.4 48.7 0.68 ND
Lehman 7.1 0.059 1.37 2.2 NA 231 1.3 14 10.1 347 2.2 50
Smith 5.0 0.377 1.49 0.70 0.998 272 4.3 8.2 2.6 263 182 ND
Surface waters
Drain BH18 8.6 0.122 5.3 6.6 NA 995 36 214 114 962 1439 252
Drain BH47 7.3 0.220 60.9 5.5 NA 12622 473 1581 526 22406 2996 142
Pimpama R. 8.3 0.221 0.46 4.5 NA 51 0.02 15 7 104 6.9 82
Hotham Ck. 7.3 0.199 1.66 4.7 NA 214 10 29 19 394 55 79
Hotham Ck. 7.9 0.214 0.37 6.2 NA 50 2.1 8 11 91 8.6 53
bay water 8.1 0.260 53.8 5.8 1.024 11570 428 1442 459 20092 2696 143
*ND = not detected, NA = not analysed
All chemistry results are expressed in milligrams per litre (mg/L).
7Figure 3 Plots of major cations versus Cl ratios. Dashed lines indicate seawater ratios.
Figure 4 Plots of SO4/Cl, HCO3/Cl, and Sr/Ca versus Cl . Dashed lines indicate seawater ratios.
8Table 2 Minor ion chemistry and stable isotope analyses of representative groundwaters and surface
waters.
Sample Sr Mn Fe Br NO3 H2SiO3 d18O d2 H
Shallow groundwater -estuarine
BH10 0.041 0.057 1.0 1.3 ND 39 -3.31 -19.2
BH15 3.5 0.94 4 30 <0.1 54 -1.56 -4.9
BH47 6.7 0.71 25 32 <0.1 56 -2.16 -9.9
BH14 4.54 0.44 20 36 14 74 -1.97 -8.7
BH13 7.89 0.89 22 36 4 39 -1.39 -4.3
BH19 5.8 0.55 2.2 44 3 32 -1.19 -4.2
Shallow groundwater -coastal
BH54 19.6 2.79 3.5 54 ND 19 -0.51 -0.3
BH56 9.6 0.51 17 78 ND 21 +2.15 +9.3
BH60 12.9 1.32 28 105 ND 10 +2.73 +15.4
Basal groundwater
JW5 26.3 17.1 152 96 ND ND +0.06 +2.0
Bedrock groundwater
Eggert 0.086 0.061 <0.1 0.17 58 10 -3.89 -16.8
Lehman 0.064 0.97 34 1.05 33.75 3 -4.04 -18.3
Smith 0.033 0.6 1.7 0.95 5.5 107 -3.78 -17.4
Surface waters
Drain BH18 0.26 0.74 0.5 2.5 9.6 34 +3.58 +17.2
Drain BH47 8 0.119 <0.1 72 1.5 11 NA NA
Pimpama R. 0.037 0.49 2.9 0.26 <0.1 6.4 -2.35 -8.6
Hotham Ck. 0.207 0.189 0.9 1.3 0.7 8.9 -2.74 -10.7
Hotham Ck. 0.112 0.043 0.35 0.3 1.35 13 -0.19 +8.5
Bay water 7.3 0.022 <0.1 66 4 6 +1.22 +5.7
*ND = not detected, NA = not analysed. All chemistry results are expressed in milligrams per
litre (mg/L). Isotope results are expressed in parts per thousand (‰).
Stable isotopes
A plot of d2H versus d18O for selected groundwater and surface water samples indicates a
strong linear trend (Fig. 5, Table 2). The isotopic values for fresh groundwaters (those groundwaters
with the lowest d2H and d18O values) are consistent with the mean isotopic composition of recent local
rainwater (International Atomic Energy Association data for Brisbane). Groundwaters and surface
waters of higher salinity plot towards the right along the local evaporation line (with a slope around 5).
The high d2H value for an outlier (sample BH38) is attributed to a localised lowering of the water table
at a drained experimental field site. While this local line indicates local rainfall as the provenance of
fresh groundwaters, the far right side of the line is positioned close to the plot of SMOW (Standard
Mean Ocean Water). Therefore, a d2 H versus d18O plot on its own is not effective in discriminating
between sources of salinity or processes of concentration.
A plot of d2H versus Cl for the same samples (Fig. 6) provides a clearer indication of trends
and processes. The dominant processes are mixing, evaporation and transpiration. Since transpiration is
a non-fractionating concentrative process (Clark and Fritz, 1997), it is indicated by a “right shift”
relative to a line drawn between freshwater and SMOW, while evaporation is indicated by a “left shift”.
Most of the groundwater samples plot close to a line indicating simple mixing between freshwater and
seawater.
9Figure 5 Plot of d2 H/d18O. The local meteoric water line (LMWL) has a slope of 6.5 which is less than
that of the global meteoric water line (slope = 8). The local evaporation line for fresh groundwaters
(LEL) has a slope of 5.5 which is consistent with that observed in adjacent regions.
Figure 6 Plot of d2 H/Cl. The greyed area represents the zone of mixing between freshwaters and
seawater.
Due to correlation between d18O and d2H values, a plot of d18O versus Cl shows similar trends
to the d2H versus Cl plot. Surface waters plot in the top left corner of Figure 6, indicating low salinity
and a non-kinetic evaporative enrichment of d2 H. As a result of the significant evaporation of surface
waters in this subtropical climate, while surface waters represent end members in terms of geochemical
analysis, they cannot be considered to represent the isotopic signature of local meteoric recharge.
Figure 6 indicates that fresh shallow coastal groundwaters and also fresh bedrock groundwaters are
more representative of the isotope signature of meteoric recharge waters.
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Deviation of groundwater samples above the seawater-freshwater mixing line indicates
evaporation, either through mixing with surface water or within the unsaturated zone.
The hypersaline groundwater samples plotting in a line extending to the right of SMOW
represent a range of coastal settings, i.e. shallow estuarine, deeper estuarine and shallow shoreline. The
likely types of waters that have evolved to produce these hypersaline groundwaters are from brackish
to saline estuarine groundwater and seawater. The two hypersaline groundwater samples which show a
combination of transpiration and evaporation are drawn from bores located near the mouth of the tidal
Pimpama River, and are likely to be of seawater origin.
The dominance of transpiration of saline or brackish water is possibly a relict of the recent
geological past, when sea level was slightly higher. Such transpiration cannot be attributed to the
extensive freshwater wetlands that did exist within the plain up to 30 years ago, due to the freshwater
requirement of such wetlands. Evaporation of the saline and brackish waters that currently occur within
the drainage network is not sufficient to generate this level of salinity (up to 80 mS/cm), and in addition
they have a different isotopic signature.
In the recent geological past (during the mid-Holocene sea level stillstand), an extensive area
was covered by mangrove forests. Based on pollen analysis and radiocarbon dating of estuarine
sediments of tropical northern Australia, (Woodroffe et al. 1985; Crowley and Gagan 1995) proposed
extensive mangrove forests associated with the mid-Holocene stillstand in those areas (the “big
swamp” model). In the Pimpama plain, the maximum development of mangrove forests would not have
been as extensive as described for northern Australia, but still of significance.
The most recent period during which significant amounts of hypersaline water formed is not
necessarily constrained by the Holocene sea level maximum. In this coastal area of southern Moreton
Bay, there have been changes in the extent of the barrier sand islands that isolate the bay from the
ocean (Lockhart et al. 1998), and other less well developed sand barriers may have provided suitable
conditions for generation of more extensive mangrove forests. Such changes in hydrology locally
would have been extensive enough to produce the observed isotope values and would have occurred
only very recently.
Figure 7 Schematic diagram of the Pimpama coastal plain showing groundwater flow patterns. Vertical
flow through the aquitard is considered to be a two-way diffusion process. Based on hydraulic head
distributions and porewater chemistry, flow is predominantly upward toward the centre of the plain (the
area of maximum drawdown) and downward toward the coastal strip.
CONCLUSIONS
The results of this study indicate the usefulness of incorporating stable isotope analyses with
routine geochemical analyses to determine processes of groundwater evolution in a Quaternary coastal
plain. Comparison of groundwater d18O and d2H signatures is useful in defining the provenance of
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groundwater types. Results suggest that while local freshwater and seawater are mixing end-members,
hypersaline end-members must also be considered. With this extra end-member, the scenario of saline
encroachment may be indicated by an aquifer "freshening" (i.e. becoming less saline) at a particular point.
Geochemical analysis has enabled the association of water types with particular settings and
better definition of those settings. Marked cation exchange in the basal aquifer indicates that saline
groundwater is moving landward and mixing predominantly with fresh to brackish bedrock groundwater.
In the shallow aquifer, the cation exchange effects are less marked and are being compounded by
weathering effects.
By comparing either d2H or d18O with Cl concentrations, many mixing and concentration trends
are evident (Fig. 7). These include:
· limited density-controlled flow of surface water from the drains to the shallow aquifer
· mixing of infiltrating water with saline water either from the underlying aquitard or from the basal
aquifer
· a range of current and previous settings (e.g. mangrove forest, supertidal pasture, Melaleuca
wetland) have resulted in a range of evaporation and transpiration regimes
· coastal groundwaters isotopically similar to seawater, suggesting a degree of seawater encroachment.
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